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GENERAL INTRODUCTION 
Dissertation Organization 
This dissertation includes a general introduction followed by four manuscripts. 
The first manuscript describes a novel method, the Cosegregation Method, of 
producing experimental quantities of hybrid soybean seed and compares this method 
with two previously used methods. The second manuscript describes the genotypic 
evaluation of soybean germplasm for agronomic traits. Seven inbred lines were 
genotypically evaluated by using a testcross procedure. Testcross seed for 
agronomic evaluation was produced by using the Cosegregation Method. The third 
manuscript describes the effects of the Dt2 and S alleles on agronomic traits of 
soybean near-isogenic inbred lines and their hybrid progeny. Hybrid progeny were 
produced by using the Cosegregation Method. The fourth manuscript describes 
methods by which the Cosegregation Method of hybrid seed production can be used 
to facilitate the intermating and evaluation steps of recurrent selection. The 
manuscripts are followed by a general conclusions section. References cited in the 
general introduction and general conclusions are listed in the general references 
section. An appendix of data and calculations supplementary to the second 
manuscript, "Testcross evaluation of soybean germplasm", follows the general 
references section. 
Background 
Soybean [Glycine max (L.) Merr.l is an autogamous crop species. Early 
soybean researchers interested in maintaining seed purity reported a low percentage 
of naturally cross-pollinated (outcross) seeds in fertile lines. Woodworth (1922) used 
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flower color and cotyledon color as visual markers to identify hybrid plants and seeds, 
respectively, and estimated percentage outcrossing at 0.016%. Garber and Odiand 
(1926) used seed-coat color as a marker to identify hybrid plants and estimated 
percentage outcrossing at 0.14% in 1922 and 0.36% in 1923. Local insect 
populations of unknown type were credited with the cross-pollinations. Cutler (1934) 
used pubescence color as a marker to identify hybrid plants and estimated percentage 
outcrossing to range from 0.76% to nearly 5.0%. Cutler (1934) located plots within 
60 m of 15 honey bee (Apis mef/ifera) colonies, and honey bees were observed as 
frequent visitors to the plots. Weber and Hanson (1961) suspected "bees", onion 
thrips, Thrips tabaci Lind, other insects, and even wind to be effectors of outcrossing. 
Jaycox (1970) reported that "flower thrips" and onion thrips commonly found on 
soybean, did not pollinate flowers, but rather ate pollen, nectar, and petals. Jaycox 
(1970) reported Dr. Henry Hadley's data (University of Illinois) which showed that 
soybeans in cages without bees bore no seeds. Jaycox (1970) presented this as 
evidence that wind, thrips, and other small insects (which were present in the cages) 
were not effectors of outcrossing. Jaycox (1970) listed honey bees and several other 
bee genera observed on soybean: bumble bees, Bombus impatiens and Bombus 
griseocoHis, parasitic bees, Triepeolus and Coelioxys spp., and other solitary bees of 
the genera Melissodes, MegachUe, Calliopsis, Coletes, Halictus, Agapostemon, and 
Lasfog/ossum. 
Deliberate production of hybrid seed is necessary for soybean breeding 
programs and genetic studies. To be certain of the pedigree of the hybrid pod, the 
researcher must control or eliminate the pollen of the pod-parent flower. When cross-
pollination is manual, a pod-parent flower is pollinated one day before its own anthers 
are mature enough to shed pollen. Fehr (1980) described the equipment and 
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technique for manual cross-pollination of soybean. Walker et al. (1979) determined 
that emasculation is not required to prevent self-fertilization. Manual cross-pollination 
is used to produce relatively small quantities of hybrid seed (fewer than 1000 hybrid 
seeds per parental combination). 
Manual cross-pollination to produce larger quantities of hybrid soybean seed is 
difficult and time consuming. The small size of the soybean flowers, the low success 
rate (about 50% of the cross-pollinations result in a pod), and the few (average of 
two) seeds obtained per hybrid pod contribute to the difficulties (Fehr, 1987a). An 
experienced breeder can pollinate about 20 flowers per hour on an indeterminate 
cultivar (Fehr, 1980). Depending on the local environment, up to six hours per day 
are available for cross-pollination (Fehr, 1980). Therefore, under nearly ideal 
conditions, an experienced person can produce about 120 hybrid seeds per day. 
However, research requiring evaluation of hybrid seed (the F1 generation) can require 
the production of thousands of hybrid seeds per parental combination. 
Insect-mediated cross-poilination of male-sterile/ female-fertile plants has been 
used as an alternative to manual cross-pollination. Pollen is controlled genetically; 
male-sterile/ female-fertile plants shed little or no pollen and are used as pod-parent in 
cross-pollinations. The level of male sterility and of female fertility varies depending 
on the gene conferring the trait. Graybosch and Palmer (1988) and Palmer et al. 
(1992) described known male-sterile/ female-fertile mutants msl, ms2, ms3, ms4, 
ms5, ms6, and msp. Jin et al. (unpublished) recently described a new male-sterile/ 
female fertile mutant for which a gene symbol has not yet been assigned. Male-
sterile/ female-fertile plants will hereafter be referred to as male-sterile plants. 
Graybosch and Palmer (1988) evaluated relative yield of msl msl, ms2 ms2, 
and ms3 ms3 male-sterile plants and found that ms2 ms2 plants had the greatest 
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seed set. Lines segregating for ms2 ms2 male sterility have been used by several 
researchers to produce hybrid seed (Carter et al., 1983; Nelson and Bernard, 1984; 
St. Martin and Ehounou, 1989; Specht and Graef, 1992). Planting arrangements and 
pollen-management methods varied among researchers. 
Specht and Graef (1992) planted pod-parent lines segregating for ms2 ms2 
male sterility in short rows between pollen-parent lines. Fertile siblings in rows 
segregating for male sterility were identified at flowering by anther inspection and 
removed as a pollen source. Insect vectors carried pollen from the pollen-parent rows 
to the male-sterile plants in the pod-parent rows. This method is termed herin the 
Traditional Method. 
There are some difficulties with the Traditional Method. Roguing plants by 
inspecting anthers is very time consuming. Fertile siblings are removed at flowering, 
a time when soybean breeders concentrate their efforts on manual cross-pollinations. 
Male-sterile plants often are fertilized with pollen from fertile siblings before the fertile 
siblings can be removed. 
A second method of F1 seed production, termed herin the Dilution Method, 
does not require the removal of fertile siblings, but rather reduces the probability that 
a male-sterile plant will be next to (and fertilized with pollen from) a fertile sibling. 
Graef and Specht (1992) combined seed of a desired pollen parent with seed 
segregating for the ms2 ms2 male sterile in the amounts of 4, 8, 16, and 32 times 
the number of fertile siblings expected in the pod-parent line. They reported 
percentages of desired pollinations to be 77.8, 75.0, 87.6, and 90.2% for the four 
treatments. The major advantage of the Dilution Method is that no roguing of fertile 
plants is required to manage pollen. 
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Difficulties with the Dilution Method include the increased amount of land and 
pollen-parent seed required and the possible difficulty identifying male-sterile plants 
among male-fertile plants. Male-sterile plants usually are easy to identify at maturity 
because they bear fewer pods, some of which are parthenocarpic, and they are green 
for many days after neighboring fertile plants have turned brown. Differences are 
less noticeable after a hard frost, or if the amount of outcrossing onto male-sterile 
plants is high. Use of the Dilution Method requires that male-sterile plants be easily 
distinguishable from male-fertile plants at maturity. 
Difficulties with existing methods have prompted researchers to seek easier 
hybrid soybean seed production methods involving development of gametocides, 
cytoplasmic male sterility, transgenic male-sterility systems, non-linked marker 
systems, or closely-linked-marker systems. 
A gametocide has not been developed for use on soybean. Starnes and 
Hadley (1962) reported the effects of the gametocide alpha, beta-dichloroisobutyrate 
(FW-450). At low concentrations, FW-450 caused pollen abortion, but also caused 
yield reductions, extreme stunting of plants, and phytotoxicity, leading Starnes and 
Hadley (1962) to conclud that FW-450 would not be useful as a gametocide for 
hybrid soybean production. 
Cytoplasmic male sterility (CMS) in soybean has been reported but not 
developed. Davis (1985) developed a CMS which uses the cytoplasm of the cultivar 
Elf (cyts R1 R1 R2 R2) in combination with the recessive nuclear alleles r1 r1 from 
the cultivar Bedford and the recessive nuclear alleles r2 r2 from the cultivar Braxton. 
Male-sterile individuals are of the genotype cyts r1 r1 r2 r2. Fertility is restored by 
the presence of a single dominant allele at either the R1 or the R2 locus. The degree 
and stability of cytoplasmic male sterility and restoration have not been described. 
6 
The Soybean Genetics Connmittee has not approved gene symbols for either the 
cytoplasmic or the nuclear restorer genes of this system. Sun et al. (1994) reported 
a second CMS system developed from interspecific crosses between G. max and G. 
soj'a Sieb. and Zucc. The male sterility was reported stable across environments. 
The average percentage of sterile pollen grains was 98%. The restorer system has 
not been described. 
Transgenic male-sterility systems intended for use in multiple crops have been 
described (Mariani et al., 1990; Mariani et al., 1992; Reynaerts et al., 1993; 
Albertsen et al., 1993). However, development of a transgenic male-sterility system 
for soybean has not been reported. 
Burton and Carter (1983) described a non-linked marker system to produce 
hybrid soybean. This system could be used with any male-sterility mutant. Yellow-
seed coat {g g), green-seed embryo [d1 d1 d2 d2) lines segregating for male sterility 
are used as pod parents. Yellow-seed coat (g g), yellow-embryo (D1 D1 D2 D2) 
fertile lines are used as pollen parents. Hybrid seeds produced on male-sterile plants 
would be yellow (g g D1 d1 D2 d2]; seeds produced by sib-matings would be green 
{g g d1 d1 d2 d2). Application of this system likely would be useful but has not been 
reported. 
Closely-linked-marker systems require that an easily identifiable marker be 
closely linked genetically to a male-sterility locus. Complete male sterility and high 
female fertility also are required. 
The male-sterility locus Msl is linked to the W1 locus (Lewers and Palmer, 
1993). The W1 locus is involved in anthocyanin pigment production in several plant 
tissues. 1/1/7 plants have purple hypocotyls and flowers; w1 w1 plants have green 
hypocotyls and white flowers. The W1 locus would be a useful marker, but 
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percentage recombination between tiie Ms 1 and W1 loci is too high to be practical 
for hybrid seed production. Percentage recombination was 29.97 ± 2.10 (Lewers 
and Palmer, 1993). In addition, msl msl plants are not completely female fertile, nor 
are they completely male sterile (Graybosch and Palmer, 1988; Palmer et al., 1992). 
The male-sterility locus Ms2 is linked to the Pgml locus (phosphoglucomutase; 
PGM, EC 5.3.1.9) (Sneller et al., 1992). Percentage recombination was 18.73 ± 
2.4, too high to be practical for hybrid seed production. In addition, the starch-gel 
electrophoretic assay used to detect PGM would be too expensive to be practical. 
However, ms2 ms2 plants are completely male sterile and female fertile (Graybosch 
and Palmer, 1988; Palmer et al., 1992) and could be useful in a closely-linked-marker 
system. 
The male-sterility loci Ms3, Ms4, and Msp have not been genetically linked to 
any marker loci. The ms3 ms3 plants are not completely female fertile, and the ms4 
ms4 and msp msp plants are not completely male-sterile (Graybosch and Palmer, 
1988). 
Recently, the male-sterility locus Ms5 was reported to be tightly linked (0.42% 
recombination) to the green cotyledon trait (d1 d1 d2 d2) (Carter and Burton, 1992). 
Seed which will produce male-sterile plants can be identified and sorted before 
planting. This closely-linked-marker system could be especially useful with the non-
linked marker system described by Burton and Carter (1983). However, Buss (1983) 
reported that ms5 ms5 plants show some female sterility. Application of the system 
has not yet been reported. 
The male-sterility locus Ms6 is closely linked (ranging from 2 to 4% 
recombination) to the W1 locus, (Skorupska and Palmer, 1989; Lewers and Palmer, 
1993). In a line segregating for the w1 and ms6 alleles in coupling phase, more than 
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92% of green-hypocotyl seedlings are expected to be male sterile. The close genetic 
linkage between the W1 and Ms6 loci, and the high female fertility of ms6 ms6 male-
sterile plants (Skorupska and Palmer, 1989) makes this system suitable for producing 
hybrid seed in a method similar to the Traditional Method. The planting pattern would 
be the same as for the Traditional Method. However, roguing of fertile plants from 
rows segregating for male sterility would be done by inspection of hypocotyl color at 
the first trifoliolate stage. Shortly after emergence, purple-hypocotyl seedlings would 
be removed manually, greatly reducing the number of fertile siblings. At flowering, 
the few white-flowered fertile siblings arising from recombination between the W1 
and Ms6 loci could be identified by anther inspection. These plants and any purple-
flowered escapes would be removed as a pollen source. 
The land and seed use of this new method is identical to that of the Traditional 
Method, but the closely linked seedling marker should reduce the amount of time 
required to remove fertile siblings and should reduce pollination by fertile siblings. 
Therefore, the new method could be more efficient than either the Traditional Method 
or the Dilution Method in producing large quantities of hybrid seed. 
The first objective of the dissertation research was to develop and compare 
the new method, termed the Cosegregation Method, with the Traditional and Dilution 
Methods for seed yield per plant, resource efficiency (time, seed, and land), and 
hybrid seed purity and quality. The three hybrid seed production methods were 
compared by using a randomized complete-block design for two years, with three 
locations (Ames, Iowa; Columbus, Ohio; and Harrow, Ontario), and three replications 
per location. Cooperators were Dr. S.K. St. Martin at Ohio State University, 
Columbus, Ohio; and Dr. B.R. Hedges at Agriculture and Agri-Food Canada at Harrow, 
Ontario. 
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The second objective of the dissertation research was to use the 
Cosegregation Method to produce enough hybrid seed (of each of multiple parental 
combinations) for agronomic evaluation in replicated three-row plots in three locations 
and two years and to use the hybrid (testcross seed) to evaluate germplasm 
genotypically. Agronomic evaluation of the F1 hybrid generation is important for two 
reasons: first, it allows genotypic evaluation (testcross or topcross) of germplasm 
being considered for parental material; and second, it allows a realistic determination 
of heterosis (hybrid vigor) and inbreeding depression, primary requirements for 
commercialization of hybrid soybean (Fehr, 1987b; Compton, 1977). In the process 
of evaluating the testcross material, heterosis and inbreeding depression data also 
would be obtained. 
Kenworthy (1980) suggested genotypic evaluation of soybean germplasm in 
addition to per se evaluation. Kenworthy (1980) was specifically interested in 
evaluation of unadapted soybean germplasm for improving and broadening the 
genetic base of existing cultivar development programs. Several researchers have 
compared per se evaluation with evaluation of advanced generations derived from a 
testcross. Parental lines and an advanced generation of testcrosses were evaluated. 
Sweeney and St. Martin (1989) evaluated F2-derived lines, Reese et al. (1988) 
evaluated F2 bulks, St. Martin and Aslam (1986) evaluated F3 bulks, and Thome and 
Fehr (1970) evaluated F5 and F6 populations. These investigators concluded that 
evaluation of advanced-generation progeny of a testcross was not superior to per se 
ranking which required fewer resources. The F1 generation of a testcross has not 
been evaluated because, generally, production of thousands of hybrid seeds per 
parental combination has been impractical. 
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The F1 generation has been evaluated to determine levels of heterosis in 
soybean. Burton (1987) reviewed previous investigations of soybean heterosis. 
Most of the research involved evaluation of space-planted F1 plants. Weiss et al. 
(1947) had determined that evaluation of space-planted F1 generation material (early 
generation testing) was not sufficient to identify parental combinations from which 
superior inbred lines could be derived. One explanation was that the F1 generation 
testing environment was too different from the environments in which later 
generations were tested. A few researchers evaluated hybrid plants in replicated 
multirow plots (Brim and Cockerham,1961; Hillsman and Carter, 1981; Nelson and 
Bernard, 1984). Brim and Cockerham (1961) evaluated two hybrids, their parents, 
and their two F2 bulks to obtain estimates of both heterosis and inbreeding 
depression. Inbreeding depression is important as an indicator of genetic dominance, 
considered to be essential for commercialization of a hybrid crop (Compton, 1977). 
Hillsman and Carter (1981) evaluated 8 hybrids with their parents, and Nelson and 
Bernard (1984) evaluated 27 hybrids with their parents. Soybean heterosis and 
inbreeding depression research would be easier, and the results would be more 
repeatable if a more efficient hybrid seed production method were available. 
To accomplish the second objective of the dissertation research, the 
Cosegregation Method of hybrid seed production was used to produce hybrid 
(testcross) seed for agronomic evaluation. Two tester cultivars, Clark e2 and 
Harosoy, were used to genotypically evaluate seven lines expected to have novel 
genes affecting agronomic traits. The testers were selected because their cumulative 
pedigrees include the five ancestors most widely used in cultivar development in the 
United States (Delannay et al., 1983), and both coefficient-of-parentage estimates 
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(Carter et al., 1993) and restriction fragment length polymorphism analyses 
{Shoemaker et al., 1992) indicate that Clark and Harosoy are genetically divergent. 
A randomized complete block design compared the testcross lines (Fl) with 
the testers, the seven lines to be evaluated, and a Maturity Group II (MG II) check 
line. Evaluations were made on replicated three-row plots at three locations (Ames, 
Iowa; Columbus, Ohio; and Harrow, Ontario) for two years. In addition, six F2 
testcross-progeny bulks were evaluated in the second year. Traits evaluated include 
maturity date, lodging, plant height, harvest index, seed yield, 100-seed weight, seed 
protein content, and seed oil content. Cooperators were Dr. S.K. St. Martin at Ohio 
State University, Columbus, Ohio; and Dr. B.R. Hedges at Agriculture and Agri-Food 
Canada at Harrow, Ontario. 
Vegetative heterosis has been observed in soybean. Nelson and Bernard 
(1984) reported heterosis for plant height to be the most common type of heterosis 
expressed among hybrids evaluated. Lush vegetative growth preconditions the plants 
to early lodging which leads to pod abortion and grain-yield reduction (Cooper, 1971). 
Under these circumstances, testcross evaluation would not reflect the true genetic 
potential of the line evaluated, heterosis and inbreeding depression estimates would 
not represent the true values, and evaluation of lines in a recurrent selection program 
would be inaccurate, decreasing realized genetic gain. Therefore, if lush vegetative 
growth and/or lodging is expected in the Fl generation, a method to compensate for 
the associated potential grain-yield loss should be investigated. 
Lush vegetative growth and lodging also have been expected when material is 
planted in narrow rows. To reduce yield loss, researchers studied the effects of the 
Dt2 and S alleles in inbred backgrounds. The Dt2 allele conditions semideterminancy 
(Bernard, 1972). The S allele conditions short internodes (Bernard, 1975). Both 
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alleles are dominant and, therefore, are expressed in the homozygous or heterozygous 
state. The effects of the Dt2 allele have been researched more than those of the S 
allele. Both the Dt2 and S alleles have been tested in genetic backgrounds containing 
the cuitivars Clark and Harosoy as one of the parents. 
The Dt2 allele generally conditions earlier maturity (Bernard, 1972; Green et 
al., 1977; Wilcox, 1980), although Shannon et al. (1971) and Raymer and Bernard 
(1988) found no difference in maturity date between semideterminate and 
indeterminate types. The Dt2 allele reduces plant height (Hicks et a!., 1969; Wilcox, 
1980; Chang et al., 1982; Raymer and Bernard, 1988) especially in very tall 
background genotypes (Bernard, 1972; Green et al., 1977) unless the plants are 
crowded (Bernard, 1972; Shannon et al., 1971). Lodging for semideterminate plant 
types was the same as for indeterminate plant types (Shannon et al., 1971; Raymer 
and Bernard, 1988) or reduced (Green et a!., 1977); results sometimes depended on 
background genotype (Bernard, 1972; Wilcox, 1980; Chang et al., 1982) or 
environment (Hicks et al,, 1969). Harvest index was not affected by the Dt2 allele 
(Schapaugh and Wilcox, 1980). The effect of the Dt2 allele on grain yield seems to 
depend on row spacing and genetic background. In narrow rows and/or in higher 
populations, the Dt2 allele was advantageous (Shibles and Green, 1969; Hicks et al., 
1969) or at least not detrimental (Shannon et al., 1971). When tested in wider rows, 
the indeterminate types were often, but not always (Bernard, 1972), able to take 
advantage of the extra space better than the semideterminate types (Shannon et al., 
1971). Some researchers found the effect of the Dt2 allele on grain yield to depend 
on background genotype (Green et a!., 1977; Wilcox, 1980; Chang et al., 1982; 
Raymer and Bernard, 1988). Seed size of semideterminate types was equal to (Hicks 
et al., 1969; Shannon et al., 1971) or less than that of indeterminate types (Bernard, 
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1972; Green et al., 1977). Percentage seed protein also was less than (Bernard, 
1972) or equal to that of indeterminate types (Hicks et al., 1969). Percentage seed 
oil was greater than (Bernard, 1972) or equal to that of indeterminate types (Hicks et 
al, 1969). In summary, the effects of the Dt2 allele can be inconsistent and 
dependent on genetic background and environmental conditions. However, in several 
cases the effects have been favorable and rarely have they been detrimental. 
The S allele reduces plant height (Bernard, 1975; Raymer and Bernard, 1988). 
Raymer and Bernard (1988) found that the S allele did not affect lodging or grain 
yield. They also reported that the S allele hastened maturity slightly in the Harosoy 
genetic background but not in the Clark genetic background. 
The third objective of the dissertation research was to determine if the 
presence of the Dt2 or S allele aids in evaluation of the F1 generation in replicated 
multirow plots through reduced plant height, lodging, and/or grain-yield loss. Near 
isogenic lines of Clark e2 (Clark e2 , Clark e2 Dt2, Clark e2 S) and Harosoy (Harosoy, 
Harosoy Dt2, Harosoy S) were used as testers as part of the experiment for the 
second objective. Seeds of these near-isogenic lines were obtained from Dr. S.K. St. 
Martin (Ohio State University) (Clark e2 and Clark e2 S) and from the USDA National 
Plant Germplasm System's active soybean collection through Dr. R.L. Nelson (USDA, 
University of Illinois). The two sets of near-isogenic inbred tester lines and 14 sets of 
near-isogenic hybrid (F1 generation) lines were evaluated to determine the effects of 
the Dt2 and S alleles on agronomic traits. Evaluations were made on replicated three-
row plots at three locations for two years. Traits evaluated include maturity date, 
lodging, plant height, harvest index, seed yield, 100-seed weight, seed protein 
content, and seed oil content. Cooperators were Dr. S.K. St. Martin at Ohio State 
14 
University, Columbus, Ohio; and Dr. B.R. Hedges at Agriculture and Agri-Food Canada 
at Harrow Ontario. 
Once testcross and/or per se evaluation identifies desirable parents, a breeder 
can use the parents in several ways. If the parents are adapted lines, they can be 
used directly in 2-way crosses. If the selected parents are exotic or unadapted, most 
breeders would prefer to use some type of introgression. Thome and Fehr (1970) 
recommended a three-way cross (exotic x adapted x adapted). Simmonds (1993) 
suggested incorporating selected exotic lines through recurrent selection followed by 
two-way crosses. 
Recurrent selection is a cyclical method of population improvement which 
increases the frequency of desirable alleles and allele combinations within the 
population for one or more quantitatively inherited traits. The cycle consists of three 
steps: evaluating, selecting, and intermating. The initial population, the Cycle 0 (CO) 
population, is formed by repeatedly intermating selected parental lines. In soybean, 
intermating has been accomplished with manual cross pollination or with the help of 
male sterility and insect vectors. The nuclear male-sterility alleles, ms 1 and ms2, 
have been used successfully, and are backcrossed into each selected parental line 
before intermating. Table 1 summarizes the use of recurrent selection for soybean 
improvement. 
When male sterility is used to intermate, two complications arise. First, non-
random intermating (selective intermating) can occur due to non-synchronization of 
flowering and/or insect preference. The result could be a loss of desirable alleles 
(genetic drift). St. Martin and Ehounou (1989) used morphological markers to 
measure parental contribution to a population segregating for male sterility. They 
concluded that the observed parental-contribution inequalities were within the range 
Table 1. Methods of recurrent selection used in soybean, traits of interest, and method of intermating. 
Citation Method Intermating Trait of interest 
Brim and Burton, 1979 SI 
Miller and Fehr, 1979 SI 
Kenworthy and Brim, 1979 SI 
Burton and Brim, 1981 Mass 
Wilson et al., 1981 Mass 
Prohaska and Fehr, 1981 SI 
Sumarno and Fehr, 1982 S3 
Burton et al., 1983 Mass 
Walker and Schmitthenner, 1984 SI 
Manual 
Manual 
Manual 
msl 
msl 
Manual 
Manual 
msl 
Manual 
Percentage seed protein 
Percentage seed protein 
Grain yield 
Percentage seed oil 
Percentage oleic acid in seed 
Iron-deficiency chlorosis 
Grain yield 
Percentage oleic acid in seed 
Increased tolerance to Phytophthora 
megasperma Drechs. f. sp. glycinea 
(Hildeb.), Kuan and Erwin 
Table 1. (continued) 
Specht et al., 1985 Mass ms2 
Piper and Fehr, 1987 S2 and S3 Manual 
Holbrook et al., 1989 SI Manual 
Burton et al., 1990 SI msl 
Werner and Wilcox, 1990 SO ms2 
Tinius et al., 1991 Mass msl 
Xu and Wilcox, 1992 SO ms2 
Specht and Graef, 1992 Mass ms2 
Tinius et al., 1992 Mass msl 
Hanson, 1992 Mass Manual 
Tinius et al., 1993 Mass ms1 
Adaptation of genetically diverse material 
Grain yield 
Grain yield and seed protein 
Grain yield 
Grain yield 
Seed size 
Early maturity and percentage seed protein 
Adaptation of genetically diverse material 
Seed size and seed growth rate 
Reproductive period and grain yield 
Seed size and composition 
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expected with random mating. Second, a desirable method of recurrent selection is 
SI recurrent selection in which the SI generation is evaluated. If male sterility is 
used for intermating, the SI generation will segregate for male sterility. The presence 
of male-sterile plants in an evaluation plot affects the expression of agronomic traits 
(Nelson, 1987). To alleviate this problem, St. Martin (1981) suggested advancing the 
F2 generation to the F2:3 and progeny testing to identify lines for evaluation known 
to be nonsegregating, all fertile. The disadvantages of this method are 1) the reduced 
expected genetic gain per cycle that occurs with evaluating the F2:3 generation 
instead of the F2 generation, and 2) the extra time and expense of progeny testing in 
off-season environment. 
The fourth objective of the dissertation research was to describe how the 
Cosegregation Method of hybrid-seed production could be used to facilitate recurrent 
selection during evaluating, selecting, and/or intermating. Variations of SI and half-
sib recurrent selection will be outlined. Methods of increasing parental control during 
intermating and methods for evaluating material segregating for male sterility will be 
described. Examples will be given of specific applications. 
Summary of Objectives 
1. The first objective was to develop the Cosegregation Method of hybrid seed 
production and compare it with the Traditional and Dilution Methods for productivity, 
efficiency, purity, and quality. 
2. The second objective was to evaluate germplasm genotypically by using a 
testcross procedure. Testcross lines were to be produced by using the Cosegregation 
Method and evaluated agronomically with their respective parental lines in replicated 
tests. 
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3. The third objective was to determine the effects of the Dt2 and S alleles on hybrid 
genotypes in comparison with the effects on related inbred genotypes. 
4. The fourth objective was to describe how the Cosegregation Method can be used 
to facilitate recurrent selection. 
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HYBRID SOYBEAN SEED PRODUCTION: COMPARISON OF THREE METHODS 
A paper submitted to Crop Science 
K. S. Lewers, S.K. St. Martin, B.R. Hedges, M.P. Widrlechner, and R.G. Palnner 
ABSTRACT 
Improved methods to produce hybrid soybean [Glycine max (L.) Merr.] seed 
could augment several types of research. Two previously described methods, termed 
the Traditional Method and the Dilution Method, require insect-facilitated cross-
pollination of ms ms nuclear male-sterile plants. The Traditional Method requires a 
substantial time investment during flowering to remove fertile siblings, and the 
Dilution Method requires a substantial amount of land and pollen-parent seed. 
Because time, land, and seed are limited resources, a more efficient method would be 
valuable. A new method, the Cosegregation Method, is developed, which utilizes 
close genetic linkage between the W1 locus and the Ms6 locus. The W1 seedling 
has a purple hypocotyl; the w1 w1 seedling has a green hypocotyl. The ms6 ms6 
plant is male sterile and female fertile. Approximately 97% of the purple-hypocotyl 
seedlings, WJ , in a line segregating for the w1 and ms6 alleles in coupling phase 
will be fertile, MsS , and can be removed as a pollen source at the first-trifoliolate 
stage. Our objective was to evaluate and compare the three methods of hybrid 
soybean seed production for seed yield, efficiency, and hybrid seed purity and quality. 
We used a randomized complete-block design (three replications per location, three 
locations, two years). The Cosegregation Method gave higher seed yield, better 
efficiency (time, seed, and land), and equal or better seed quality (percentage 
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germination, 100-seed weight) than the other two methods. i\/Iale-sterile plants 
yielded an average of 28.6 seeds per plant with use of the Cosegregation Method, 
18.2 seeds per plant with the Traditional Method, and 9.5 seeds per plant with the 
Dilution Method. The Cosegregation Method will be useful in several areas of 
research, including genetic control of complex traits, prediction of parental value, 
recurrent selection, and commercialization of hybrid soybean. 
INTRODUCTION 
Soybean is an autogamous crop species, and the production of hybrid seed 
has been tedious. Nevertheless, hybrid seed is important to certain types of 
research, including elucidation of the genetic control of complex agronomically 
important traits, determination of parental value of lines to improve these traits, 
population improvement for these traits through use of recurrent selection, and 
studies related to the commercialization of hybrid soybean. Some important aspects 
of this research require agronomic evaluation of the F1 generation. Replicated 
multirow evaluation of the F1 generation can require the production of hundreds or 
thousands of hybrid soybean seeds per parental combination. 
Manual cross-pollination to produce large quantities of hybrid soybean seed is 
difficult and time consuming. The small size of the soybean flowers, the low success 
rate (about 50% of the cross-pollinations result in a pod), and the few (average of 
one to two) seeds obtained per hybrid pod contribute to the difficulty of manually 
producing large quantities of hybrid seed (Fehr, 1987). An experienced breeder can 
pollinate about 20 flowers per hour on an indeterminate cultivar (Fehr, 1980). 
Depending on the local environment, up to six hours per day are available for cross-
pollination (Fehr, 1980). Therefore, under nearly ideal conditions, an experienced 
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person can produce about 120 hybrid seeds per day. Both manual cross-pollination 
and insect-mediated cross-pollination have been used successfully to intermate lines 
for soybean recurrent-selection programs. However, production of enough hybrid 
seed for replicated multirow agronomic trials generally has not been feasible. 
Insect cross-pollination of male-sterile soybean plants facilitates the production 
of hybrid seed. Graybosch and Palmer (1988) evaluated relative yield of msl msl, 
ms2 ms2, and ms3 ms3 male-sterile plants and found that ms2 ms2 plants had the 
greatest seed-set. Lines segregating for ms2 ms2 male sterility have been used by 
several researchers to produce hybrid seed (Carter et al., 1983; St. Martin and 
Ehounou, 1989; Nelson and Bernard, 1984; Specht and Graef, 1992). Planting 
arrangements and pollen management methods varied among researchers. 
Specht and Graef (1992) planted pod-parent lines segregating for ms2 ms2 
male sterility in short rows between pollen-parent lines. Fertile siblings in rows 
segregating for male sterility were identified at flowering by anther inspection and 
removed as a pollen source. Insect vectors carry pollen from the pollen-parent rows 
to the male-sterile plants in the pod-parent rows. This method is termed the 
Traditional Method. 
There are several difficulties with the Traditional Method. Fertile siblings are 
removed at flowering, a time when soybean breeders concentrate their efforts on 
manual cross-pollinations. Roguing plants by inspecting anthers is time consuming. 
Male-sterile plants often are fertilized with pollen from fertile siblings before the fertile 
siblings can be removed. Finally, it is possible for male-sterile plants to be more 
susceptible to lodging after neighboring fertile siblings are removed. 
A second method of F1 seed production, termed the Dilution Method, avoids 
these problems. Graef and Specht (1992) combined seed of a desired pollen parent 
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with seed segregating for the ms2 ms2 male sterile in the amounts of 4, 8, 16, and 
32 times the number of fertile siblings expected in the pod-parent line. They reported 
percentages of desired pollinations to be 77.8, 75.0, 87.6, and 90.2% for the four 
treatments. The major advantage of the Dilution Method is that no roguing of fertile 
plants is required to manage pollen. 
Difficulties with the Dilution Method include the increased amount of land and 
pollen-parent seed required and the possible difficulty identifying male-sterile plants 
among male-fertile plants. Male-sterile plants usually are easy to identify at maturity 
because they bear fewer pods, some of which are parthenocarpic, and they are green 
when neighboring fertile plants have turned brown. Differences are less noticeable 
after a hard frost, or if the amount of outcrossing onto male-sterile plants is high. 
Use of the Dilution Method requires that male-sterile plants be easily distinguishable 
from male-fertile plants at maturity. 
A third method of F1 seed production avoids most of the difficulties of the 
Traditional and Dilution Methods. The Cosegregation Method takes advantage of the 
close genetic linkage, ranging from 2 to 4% recombination, of the W1 and Ms6 loci 
(Skorupska and Palmer, 1989; Lewers and Palmer, 1993). The W1 locus is involved 
in anthocyanin pigment production in several plant tissues. W1 plants have purple 
hypocotyls and flowers; w1 w1 plants have green hypocotyls and white flowers. 
The Ms6 locus affects pollen production (Skorupska and Palmer, 1989). Ms6 
plants are fertile; ms6 ms6 plants are female fertile but completely male-sterile as a 
result of tapetal malfunction (Skorupska and Palmer, 1989). In a line segregating for 
the w1 and ms6 alleles in coupling phase, more than 92% of green-hypocotyl 
seedlings are expected to be male sterile. 
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The planting pattern for the Cosegregation iVlethod is the same as for the 
Traditional Method. Shortly after emergence, purple-hypocotyl seedlings are removed 
manually, greatly reducing the number of fertile siblings. At flowering, the few white-
flowered fertile siblings arising from recombination between the W1 and Ms5 loci are 
identified by anther inspection. These plants and any purple-flowered escapes are 
removed as a pollen source. 
The land and seed use of the Cosegregation Method is identical to that of the 
Traditional Method, but the closely linked seedling marker should reduce the amount 
of time required to remove fertile siblings. Therefore, the Cosegregation Method may 
be more efficient than either the Traditional Method or the Dilution Method. If so, the 
Cosegregation Method could improve production of hybrid soybean seed. Our 
objective was to compare the Cosegregation Method with the Traditional and Dilution 
Methods for seed yield per plant, resource efficiency (time, seed, and land), and 
hybrid seed purity and quality. 
MATERIALS AND METHODS 
We compared three hybrid seed production methods (Traditional Method, 
Dilution Method, and Cosegregation Method) using a randomized complete-block 
design for two years, with three locations (Ames, Iowa; Columbus, Ohio; and Harrow, 
Ontario), and three replications per location. 
The pollen parent was 'Kenwood' (Cianzio et al., 1990), a Maturity Group II 
(MG II) cultivar with the genotype \N1 W1 Ms6 Ms6. The pod parents were two 
sibling lines that differ from each other at the W1 locus: 1) T295H (MG II) with the 
genotype w1 w1 Ms6 (Palmer and Skorupska, 1990) for the Traditional and 
Dilution Methods and 2) a sibling line with the genotype W1 Ms6 for the 
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Cosegregation Method (Palmer and Skorupska, 1990). The W1 locus was used as a 
genetic marker to measure the degree of cross-pollination among siblings in the pod-
parent lines. The three methods were compared using the ms6 male-sterillty allele. 
T295H (w1  w1  Ms6  ) was increased and progeny-tested at the Iowa State 
University soybean research site at the Isabela Substation of the University of Puerto 
Rico near Isabela, Puerto Rico. Remnant seed of white-flowered (w1 w1) entries 
segregating for male sterility were used as the pod parent in the Traditional and 
Dilution Methods. Fertile plants {Ms6 ) from the T295H sibling line cosegregating 
for the w1 and ms6 alleles were harvested individually and progeny-tested at the 
USDA Tropical Agriculture Research Station near Isabela, Puerto Rico. Remnant seed 
of entries segregating for flower color and male sterility were used as the pod parent 
in the Cosegregation Method. 
Seed was planted at the three locations, according to the following planting 
patterns. Each replication was surrounded by 15 m of bare ground to discourage 
insect-mediated pollination from outside the replication (Fig. 1), as recommended by 
J.E. Specht and G.L. Graef (1993, personal communication). Seeding rate for all 
methods was 16 seeds m"^ in 38-cm rows. Replications and methods within 
replications were randomized for each year and location. The number of pod-parent 
seeds planted for each replication of each method was 1,250. Assuming a 90% 
germination rate and a segregation ratio for the pod parent of three fertile plants to 
one male-sterile plant, approximately 281 male-sterile plants from each replication of 
each method were expected for harvest. 
For the Dilution Method, 1,250 seeds of T295H were combined with 11,000 
pollen-parent seeds, an amount more than 10 times the expected number of fertile 
individuals in the T295H line, as recommended by G.L. Graef and J.E. Specht (1993, 
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personal communication). The Dilution Method replications were not bordered with 
rows of pollen parent (Fig. 2). For the Traditional and Cosegregation Methods, 305-
cm long rows of pod-parent lines (segregating for male sterility) were planted 
between pollen-parent rows of the same length, alternating in a checkerboard pattern 
(Fig. 2). At the ends of each set of five 305-cm rows was a 122-cm alley. At both 
ends of these series of rows was a 305-cm border of pollen parent (Fig. 2). Five 
rows of pollen parent bordered the sides of each replication of the Traditional and 
Cosegregation Methods. One replication of the Traditional or Cosegregation Method, 
including the border rows, was 29 m deep by 8 m wide, approximately 57% of the 
area required for the Dilution Method. The number of pollen-parent seeds planted per 
method-replication was 8,200, approximately 75% of the number planted for the 
Dilution Method. 
At Ames (1993 and 1994) and Harrow (1994), shortly after emergence, pod-
parent rows in the Cosegregation Method were marked with wood stakes to facilitate 
roguing. Purple-hypocotyl seedlings at the first-trifoliolate stage were removed from 
the pod-parent rows in the Cosegregation Method. At flowering, remaining purple-
flowered escapes were removed from the pod-parent rows in the Cosegregation 
Method. Fertile white-flowered plants were identified by anther inspection and 
removed from the pod-parent rows in the Cosegregation and Traditional Methods. 
The time required to mark and rogue pod-parent rows was recorded for each method. 
At Ames and Harrow, natural pollinator populations were augmented with 
honey bees (Apis mellifera L.) when Kenwood became an adequate source of nectar 
and pollen. Hives containing 80,000 to 160,000 honey bees were placed at least 90 
m away from the replications to allow equal visitation to all replications and 
production methods. 'Buckfast' strain honey bee (Osterlund, 1983), supplied by the 
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North Central Regional Plant Introduction Station, was used at Ames; Italian race 
honey bee was used at Harrow. At Ames, in 1994, honey bees were counted in 
midafternoon on three dates between 29 July and 2 August. The number of honey 
bees observed visiting plants in a five-row by 305 cm long area in 30 seconds was 
recorded. Ten such observations were made on each date for each of the nine 
method-replications. The order in which method-replications were observed was 
randomized for each counting date. 
At maturity, male-sterile plants can be identified because they bear fewer 
pods, some of which are parthenocarpic, and they are green when neighboring fertile 
plants have turned brown. Male-sterile plants were evaluated visually for lodging and 
given a score from 1 to 5, with a score of 1 representing no lodging and a score of 5 
representing a prostrate plant. Male-sterile plants within each method and replication 
were harvested separately. Once pods turned brown, male-sterile plants were cut at 
soil level and tied together in bundles of 10 plants each. Each bundle was identified 
by method and replication and was dried. The number of male-sterile plants 
harvested from each method-replication was recorded (except at Harrow in 1994). 
The time required to harvest each method-replication also was recorded. The plants 
were threshed in bulk within method-replication. An unintentional deviation from this 
harvest procedure occurred at Columbus. For the Traditional and Cosegregation 
Methods, all plants (male-sterile plants and their fertile siblings) remaining in a row 
designated male-sterile were harvested. 
All seed data were recorded after hand cleaning. Seed yield per male-sterile 
plant was calculated by dividing the total number of seeds for a method-replication by 
the number of plants from that method-replication. Hybrid seed was evaluated for 
the following characters: percentage moisture, 100-seed weight, percentage green or 
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immature seeds, percentage diseased seeds, and percentage physiologically damaged 
seeds. Percentage moisture was determined by using a seed-moisture analyzer. 
Hundred-seed weight was compared at 13% moisture and calculated from weight, in 
grams, of 500 seeds. Percentage green or immature seeds, percentage diseased 
seeds, and percentage physiologically damaged seeds were determined by visually 
identifying and counting the number of green or immature seeds, diseased seeds, or 
physiologically damaged seeds, respectively, in a dry 100-seed sample. 
Seeds were germinated on trays (400 seeds per tray) with two sheets of 
germination towels and 825 ml of water per tray. The trays were spaced evenly in 
six germination carts, eight trays per cart. Seeds were germinated at 25® C, with 9 h 
light and 15 h dark, and grown for 7 days. For all but six entries (because of a 
shortage of seeds for those six entries), four replications of 100 seeds per entry were 
germinated. For the remaining six entries, the total number of seeds was divided into 
four even replications. Characters measured were percentage germination and 
percentage contamination. Percentage contamination was calculated as the average 
number of green-hypocotyl seedlings (w1 w1) in the four 100-seed replications. All 
hybrid seedlings of the desired parentage should have a purple hypocotyl (1/1/7 w1). 
At Ames, two of three replications were lost due to flood damage in 1993. 
Some data were collected on those two replications before the flood. Data from 
Columbus in 1994 were not included in any analyses of variance, because, due to the 
deviation from the intended procedure, many fertile siblings were accidentally 
harvested with the male-sterile plants. In addition, for Harrow in 1994, the number 
of seeds per plant cannot be reported, because the number of male-sterile plants 
harvested was not recorded. 
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Analyses of variance were made on all characters by using SAS software 
(SAS Institute, Inc., 1990). The mode! used was a randomized complete-block 
design, with two years and three locations. Years, locations, and replications were 
considered random; methods were considered fixed. Method by year, method by 
location, and method by year by location sources of variance were considered to be 
part of experimental error (D. F. Cox, 1995, personal communication). 
RESULTS AND DISCUSSION 
Hybrid Seed Yield 
Seed yield per male-sterile plant varied considerably, depending on method, 
location, and year (Table 1). Significant differences were observed among hybrid-
seed production methods for seed yield (number of seeds per male-sterile plant) 
(Table 2). The Cosegregation Method produced more seeds per plant (28.6 seeds per 
plant) than the Traditional Method (18.2 seeds per plant), which produced more seeds 
per plant than did the Dilution Method (9.5 seeds per plant) (Table 2). The increased 
space and decreased competition around male-sterile plants, allowing increased 
growth and flower production, was an advantage of the Traditional and 
Cosegregation Methods over the Dilution Method. The Cosegregation Method may 
have had an advantage over the Traditional Method because the roguing was done 
earlier, and the male-sterile plants grew with reduced competition for a longer time. 
There were no significant differences among hybrid-seed production methods 
in the number of honey bee visitations at Ames in 1994 (Table 2). Therefore it is 
unlikely that yield differences among production methods were due to honey bee 
preference. 
29 
No differences among methods were observed for lodging of male-sterile 
plants; almost no lodging was observed for any method, year, or location (Tables 2 
and 3). Year-by-location differences (Table 3) observed for lodging were the result of 
soil erosion from flooding at Ames in 1993. 
Significant differences in seed yield also were observed among years and 
locations (Tables 1 and 4). Weather (temperature, cloud cover, moisture availability) 
greatly affects plant growth, flower abortion (Fehr, 1980, and references cited 
therein), honey bee activity (Jaycox, 1970b), and soybean attractiveness to honey 
bee (Jaycox, 1970a; Robacker et al., 1983); all of which are key factors in 
determining hybrid soybean seed yield. Palmer et al. (1983) reported environmental 
effects on the amount of outcrossing of male-sterile soybean. 
Differences in local populations of bee species also may have affected seed 
yield differences among locations. Jaycox (1970a) lists several bee species found 
foraging on soybean near Urbana, Illinois: bumble bees, Bombus impatiens and 
Bombus griseocollis; parasitic bees, Triepeolus and Coelioxys spp.; and other solitary 
bees of the genera Me/issodes, MegachHe, Call/opsfs, Coletes, Halictus, 
Agapostemon, and Lasioglossum. A few bumble bees were observed at Ames in 
1994. Honey bee race/strain differences also may have affected seed yield 
differences among locations (Wilson and Collison, 1988). The Buckfast honey bees 
used at Ames were bred for industry and temperament (Osterlund, 1983). 
Effectiveness of different bee species, races, and strains in producing hybrid soybean 
seed may be worthy of further investigation. 
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Land and Seed Use 
The Dilution Method required approximately 12% more land (Fig. 2) and 34% 
more pollen-parent seed than did the Traditional or Cosegregation Methods to produce 
the same number of male-sterile plants. The Traditional and Cosegregation Methods 
would become progressively more efficient (land and pollen-parent seed) as increasing 
amounts of the pod parent are planted. This is because the total size of the crossing 
block would increase, and the amount of land and seed required for the border rows 
would decrease in proportion to the total block size. 
Each hybrid seed production method could be modified to increase the 
efficiency of land and seed utilization. First, maintaining the pod-parent line in a 
segregation ratio of one fertile to one male-sterile plant would double the number of 
male-sterile plants that could be grown in an area. Second, alleys could be omitted, 
reducing plot dimensions or increasing the number of plants that could be grown in an 
area. Alleys could be omitted for the Traditional and Cosegregation Methods only if 
pod-parent rows could be planted between pollen-parent rows in continuous rows 
instead of alternating them in the checkerboard pattern. This can be done without 
decreasing insect cross-pollination if rows are narrowly spaced. We observed 
frequent honey bee movement across rows spaced 38 cm apart. In our crossing 
nursery, rows are spaced 102 cm apart, and honey bees tend to move along a row 
rather than across rows (unpublished). Other researchers have reported similar 
observations (Chiang and Kiang, 1987). Third, the Cosegregation Method can be 
modified by planting the pod parent at a higher seeding rate because the seedlings 
would be thinned as part of the roguing process. Only the Cosegregation Method can 
be modified in this way, giving it the potential to be the most land- and seed-efficient 
method of the three. 
31 
Time Investment 
Significant differences among methods were detected for the time required to 
rogue (Table 2). Roguing plants in the Cosegregation Method at the first-trifoliolate 
stage and again at flowering (to remove white-flowered fertile siblings arising from 
recombination and to remove late-germinating purple-flowered escapes) required 
much less time than roguing plants in the Traditional Method (Table 2). In addition, 
roguing plants in the Traditional Method by anther inspection at flowering is tedious 
and may interfere with concurrent cross-pollination efforts for other projects. 
Roguing was not required for the Dilution Method. 
Significant differences among years were detected for the time required to 
rogue; roguing required more time in 1994 than in 1993 (Table 4). This was primarily 
caused by changes in roguing personnel. The time required to rogue plants in the 
Traditional Method is dependent on the degree of experience with manipulating 
soybean flowers and distinguishing ms6 ms6 male-sterile plants from fertile plants. 
The time required to rogue plants in the Cosegregation Method was dependent on 
weather. The purple-hypocotyl of the W1 seedlings is bright after sunny 
conditions and pale after overcast conditions. Rainy weather slows roguing three 
ways: First, muddy conditions slow personnel movement through the plot; second, 
rain-splashed soil must be removed from each hypocotyl; and, third, the hypocotyl 
color fades under rain-splashed soil. 
No significant differences were detected among methods for the time required 
to harvest (Table 2). Significant differences were detected among locations and year-
locations for the time required to harvest. Harvesting at Ames required more time 
than at Columbus or Harrow, especially in 1994 (Tables 3 and 4). This is likely a 
reflection of plant size; the plants at Ames generally were larger (especially in 1994) 
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than were plants at Columbus or Harrow, and larger plants are more cumbersome to 
harvest manually. 
Harvest times would be greatly reduced if harvest were mechanized. 
Mechanized harvesting of the Traditional and Cosegregation Methods would be 
practical if these methods were modified by planting pod-donor rows between pollen-
donor rows in continuous rows instead of alternating them in the checkerboard 
pattern. Mechanized harvesting of the Dilution Method would be practical if ail fertile 
plants could be chemically killed in the field shortly after flowering. 
The Traditional Method required significantly more time per 100 seeds 
harvested than did the Dilution or Cosegregation Methods (Table 2); no significant 
difference was detected between the Dilution and Cosegregation Methods. The 
Dilution Method required less total time, but yielded fewer seed. Differences among 
year-locations for total time required per 100 seeds also were significant (Table 3). 
These differences are the effect of differences among year-locations for both time 
required and hybrid seed yield. 
Hybrid Seed Purity 
There were significant differences among methods for percentage 
contamination based on the percentage of green-hypocotyl seedlings (Table 2). The 
percentage contamination for the Traditional Method was much higher (21.8%) than 
for the other two methods. There was no significant difference in percentage 
contamination between the Dilution Method (14.8%) and the Cosegregation Method 
(12.9%). Percentage contamination was consistently below 10% for the 
Cosegregation Method at Ames and Harrow (Table 5). 
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Sources of contamination detected by percentage green-hypocotyl seedlings 
include accidental harvest of fertile white-flowered siblings and pollination of the 
male-sterile plants by pollen from fertile siblings or other white-flowered soybeans 
grown in the range of the insect pollinators. The effect of accidental harvest of fertile 
white-flowered siblings can be enormous as demonstrated by the Traditional Method 
data from Columbus in 1994 (98.8% contamination) (Table 5). This is because a 
fertile plant can yield about 10 times more than a male-sterile plant. The effect of 
pollination of male-sterile plants by fertile siblings is not as large. 
Significant year and location differences for percentage contamination also 
were observed (Tables 4 and 5). These differences are the effect of the high 
percentage contamination observed for seed from Columbus in 1993. Again, this 
large percentage of contamination is a result of misclassification followed by a 
harvest procedure deviation at Columbus: the harvest of fertile siblings with the male-
sterile plants in rows designated male-sterile. 
Contamination was present with all three methods and requires management 
for these hybrid seed production methods to be most useful. Putative male-sterile 
plants can be harvested individually and progeny-tested to confirm that the harvested 
plant was male sterile and not a misclassified fertile sibling. Progeny testing of 
putative hybrid seeds is much easier and requires fewer seeds with the Cosegregation 
Method because progeny can be evaluated based upon hypocotyl color instead of 
male sterility. In addition, hybrid seeds derived from sib-matings can be identified by 
hypocotyl color at the first-trifoliolate stage and removed from evaluation plots. 
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Hybrid Seed Quality 
No significant differences among methods were detected for percentage 
germination, percentage diseased seeds, or percentage physiologically damaged seeds 
(Table 2). Percentage germination, influenced by disease and physiological damage, 
was dependent on environment; significant differences among years and locations 
were detected (Table 4). Significant differences among years, locations (Table 4), 
and year-locations (Table 3) were detected for percentage diseased seeds and 
percentage physiologically damaged seeds. Diseases visually observed on the seeds 
before germination include phomopsis (Phomopsis spp.), soybean mosaic virus, 
downy mildew [Peronospora manshurica), and purple stain {Cercospora kikuchii) 
(TeKrony et al., 1987). The physiological damage observed was similar to what is 
observed when mature dry seed is exposed to moist conditions, begins germination, 
and dries again. 
Significant differences among methods were detected for percentage of green 
or immature seeds and for 100-seed weight (Table 2). The Dilution Method produced 
more green or immature seeds, with lower 100-seed weight, than did the Traditional 
or Cosegregation Methods. This is likely an effect of the lower seed-set in the 
Dilution Method (Table 2); plants with low seed-set mature and dry slowly and 
unevenly. Differences among locations also were significant; hybrid seed from Ames 
had a significantly lower percentage green or immature seeds and a significantly 
higher 100-seed weight than hybrid seed from Harrow or Columbus (Table 4). 
Uneven maturation and drying of male-sterile plants is detrimental to seed 
quality. Diseased seed, physiological damaged seed, green immature seed, and low 
100-seed weight were more common in seed from Columbus and Harrow in 1993 
than in seed from Ames. The percentage of split seeds was not measured, but seed 
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yield was reduced somewhat by seed splitting. It is very likely that these seed-
quality problems are exacerbated by uneven maturation and drying of male-sterile 
plants. Until development of pod-parent lines yielding enough hybrid seeds to effect 
even maturation and drying, a desiccant can be used to accelerate drying (Whigham 
and Stoller, 1979). If a desiccant is used, seeds may be more susceptible to 
phomopsis infection (TeKrony et al., 1984) and should be harvested as soon as 
possible. As an alternative, hybrid-soybean production fields could be treated with a 
fungicide as a preventative measure (Ellis and Sinclair, 1976). 
CONCLUSIONS 
The Cosegregation Method of hybrid soybean seed production was more 
efficient than either the Traditional Method or the Dilution Method. With the 
Cosegregation Method, higher seed yield of better purity and quality was obtained by 
using fewer resources. 
Use of the Cosegregation Method will allow efficient production and evaluation 
of experimental quantities of hybrid seed for genetic studies, germplasm evaluation, 
and recurrent selection. Replicated multirow agronomic evaluations can be made on 
the F1 generation. In addition, agronomic evaluation can be made on lines 
segregating for male-sterility by overplanting at twice or four-thirds the desired stand 
(depending on segregation ratio) and removing green-hypocotyl seedlings (w7 w1 
ms6 ms6) at the first-trifoliolate stage. This practice will eliminate nearly all male-
sterile individuals from the evaluation plots. Progeny-testing can be conducted 
concurrently; if an entry contains nearly all green-hypocotyl seedlings, the progenitor 
was likely not a male-sterile plant, but rather a fertile sibling. Progeny from sib-
36 
matings (contamination) can be removed from the evaluation plots by overplanting at 
a rate of 5 to 10% and removing green-liypocotyl seedlings. The planting rate of the 
seed parent can be adjusted to maximize the number of seeds produced on a male-
sterile plant for certain recurrent-selection methods. The best rate would be 
determined experimentally. Much past research on heterosis, combining ability, 
inbreeding depression, genetic control of quantitatively inherited characters, parental 
value, and germplasm evaluation and recurrent selection would have been enhanced 
by the ability to produce and agronomically evaluate large quantities of hybrid seed 
(Weiss et al., 1947; Nelson and Bernard, 1984; Burton, 1987 and references cited 
therein). 
Burton (1987) stated that, "Additional research is needed to produce 
estimates of heterosis for a wider array of genotypes under commercial cultural 
conditions and to develop more information on the environmental stability of F1 
hybrids relative to pure lines. Such research will provide a better assessment than 
now exists as to the economic advantages or disadvantages of F1 hybrids relative to 
pure lines." Use of the Cosegregation Method will enable some preliminary research 
regarding value, production, and cultivation of commercial hybrid soybean seed. 
Specific topics to be addressed include identification of ideal production locations, 
optimization of planting arrangement and ratio of seed parent to pollen parent, 
pollinator management, increasing seed quality and yield of hybrid seeds per plant, 
increasing heterosis, determination of economical feasibility of commercial hybrid 
soybean seed production, and comparison of optimal population density and soil-
fertility levels for hybrid versus inbred lines. 
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Table 1. Number of seeds per male-sterile plant using three methods of hybrid 
soybean seed production. 
Location Year N 
Method 
Traditional Dilution Cosegregation 
Ames 1993 1 1.7 1.5 3.3 
1994 24.2 14.3 41.8 
Columbus 1993 26.6 13.6 41.1 
Harrow 1993 9.2 3.3 11.5 
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Table 2. Means for three methods of hybrid soybean seed production using male-
sterile soybean. 
Character N Traditional 
Method 
Dilution Cosegregation 
Number of plants 
harvested 
10 134.6a t 124.3a 157.5a 
Number of seeds per 
male-sterile plant 
10 18.2a 9.5b 28.6c 
Number of bee visitations 
in one replication during a 
5-min. period 3 13.7a 14.7a 15.7a 
Lodging scores of male-
sterile plants 13 1.1a 
Person-minutes required 
to rogue one replication 13 366.2a 
Person-minutes required 
to harvest one replication 13 29.2a 
Total person-minutes 
required for one 
replication 13 395.5a 
1.0a 
O.Ob 
37.8a 
1.0a 
70.9c 
33.2a 
37.8b 104.1c 
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Total person-minutes 
required per 100 seeds 
produced (one replication) 13 40.6a 6.9b 8.6b 
Percentage seedlings with 
green hypocotyis 13 21.8a 14.8b 12.9b 
Percentage germination 13 80.4a 82.0a 79.5a 
Percentage diseased 
seeds 13 6.2a 6.8a 7,5a 
Percentage physiologically 
damaged seeds 13 17.6a 16.7a 12.5a 
Percentage green or 
immature seeds 13 0.9a 3.5b 1.5a 
Grams per 100 seeds at 
13% moisture 13 28.9a 27.0b 29.3a 
t For each character, means followed by the same letter are not significantly 
different {P > 0.05). 
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Table 3. Year-location means for characters for which the analyses of variance 
detected differences among year-locations for three methods of hybrid 
soybean seed production. 
Location 
Character Year Ames Columbus Harrow 
Number of seeds per male-
sterile plant 1993 
1994 
Lodging scores of male-
sterile plants 1993 
1994 
Person-minutes required to 
rogue one replication 1993 
1994 
Person-minutes required to 
harvest one replication 1993 
2.2a t 27.1bi& S.Oaa 
N = 3t N = 9 N = 9 
26.8b/) - § - t 
N = 9 N = 0 N = 0 
1.3b I.Oaa 1 .Oas 
N=3 N=9 N=9 
1.Oaa - 1,Oaa 
N=9 N=0 N=9 
100.0a 150.3aa 87.3a6 
N = 3 N = 9 N = 9 
171.4aa - 188.9ba 
N=9 N=0 N=9 
39.7b 28.9bd Z^.Obb 
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1994 
Person-minutes required per 
100 seeds (one replication) 1993 
1994 
Percentage of seeds with 
physiological damage 1993 
1994 
N=3 N=9 N=9 
50.4bc - 21.1aa 
N=9 N=0 N=9 
46.8a 13.9b^ 16.2b6 
N = 3 N = 9 N = 9 
4.0b6 - 31.4aa 
N=9 N=0 N=9 
0.0a 33.0b/) 34.6b/? 
N=3 N=9 N=9 
0.1 aa - O.Oaa 
N=9 N=0 N=9 
t For each character, means followed by the same letter and font are not 
significantly different (P > 0.05). 
t N for a year-location is noted under the mean for that year-location. 
§ Columbus, Ohio, 1994 data were not included. 
t Number of seeds per male-sterile plant could not be calculated for the Harrow 
location in 1994, because number of male-sterile plants was not reported. 
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Table 4. Year and location means for characters for which the analyses of variance 
detected differences among years and/or locations for three methods of hybrid 
soybean seed production. 
Year Location 
Character 1993 1994 Ames Columbus Harrow 
N = 21 t N = 18 N = 12 N = 9 N = 18 
Number of seeds per 
male-sterile plant 15.4a t 26.7b 20.6b 27.1a 8.0c 
(N = 9) [N = 9) 
Person-minutes 
required to rogue one 
replication 116.2a 180.2b 153.7a 150.3a 138.1a 
Person-minutes 
required to harvest 
one replication 31.3a 35.8a 47.8a 28.9b 26.1b 
Total person-minutes 
required for one 
replication 147.5a 215.9b 201.4a 179.2a 164.2a 
Percentage seedlings 
with green hypocotyls 19.0a 13.7b 14.3a 31.1b 10.7a 
46 
Percentage 
germination 76.1a 85.9b 87.1a 74.0c 79.7b 
Percentage 
physiologically 
damaged seeds 29.0a 0.1b 0.1a 33.0c 17.3b 
Percentage diseased 
seeds 9.1a 4.1b 1.8a 13.6c 6.8b 
Percentage green or 
immature seeds 1.9a 2.0a 0.8a 1.7ab 2.8b 
Grams per 100 seeds 
at 13% moisture 27.0a 30.0b 30.3a 21.6b 30.5a 
t N for a year or for a location is the same for each character except number of 
seeds per male-sterile plant (in 1994 and at Harrow) where N is noted in 
parentheses under the mean for 1994 and under the mean for Harrow. 
t For each character, means in the two year columns, or means in the three location 
columns are not significantly different if followed by the same letter (P > 0.05). 
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Table 5. Percentage w1 w1 seedlings among hybrid seedlings in a comparison of 
three hybrid soybean seed production methods. 
Method 
Location Year N Traditional Dilution Cosegregation 
Ames 1993 1 7.1 9.9 9.6 
1994 3 23.2 16.9 8.4 
Columbus 1993 3 38.9 23.1 31.3 
1994 3 98.8 t 14.0 43.6 
Harrow 1993 3 12.9 11.6 6.0 
1994 3 17.3 9.4 6.8 
t Columbus, Ohio 1994 data were not included in the calculations of the 
means nor in the analysis of variance. 
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FIGURE LEGENDS 
Fig. 1. Comparison of hybrid soybean seed production methods: 
arrangement of three replications (rep = replication; m = meters). 
Fig. 2. Comparison of hybrid soybean seed production methods: 
one possible arrangement of methods within a replication (m 
cm = centimeters). 
= meters; 
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TESTCROSS EVALUATION OF SOYBEAN GERMPLASM 
A paper to be submitted to Crop Science 
K. S. Lewers, S.K. St. Martin, B.R. Hedges, and R.G. Palmer 
ABSTRACT 
The F1 generation of a testcross previously has not been used to evaluate 
soybean [Glycine max (L.) Merr.] germplasm, primarily because production of large 
amounts of hybrid seed has been impractical. A novel method for efficiently 
producing testcross seed has been developed using the male-sterility locus, Ms6, and 
the seedling marker locus, 1/1//. Vegetative heterosis was expected to precondition 
the hybrid plants to early lodging, pod abortion, and grain yield reduction. The 
objectives of this research were: 1) production and agronomic evaluation of 42 
testcrosses with their parental lines; 2) estimation of heterosis; 3) determination of 
the effects of the stem-type alleles, Dt2 and S, on the expression of vegetative 
and/or reproductive heterosis; and 4) estimation of the parental value of seven inbred 
soybean lines. Two testers were used to genotypically evaluate the seven lines. A 
randomized complete-block design (three-row plots, three replications, three 
locations, two years) compared the testcrosses with the parents for agronomic traits. 
Various heterosis values were calculated, and a three-factor analysis of variance 
determined the effects of the testers, the stem types, the lines to be evaluated, and 
interaction effects on the expression of heterosis. Significant F1 and F2 midparent 
heterosis and inbreeding depression, but not high-parent heterosis, were observed for 
nearly all traits including grain yield. The choice of tester was ascertained important 
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in determining parental value of germplasm. The Dt2 and S alleles did hot facilitate 
evaluation of germplasm through simultaneous manipulation of vegetative and 
reproductive heterosis. Germplasm rankings using perse values, F1 and F2 
midparent heterosis values, and Ti values (adapted-parent heterosis) were in 
disagreement. Concurrent use of perse and F1 heterosis evaluation was considered 
most appropriate. 
INTRODUCTION 
The choice of germplasm used as parental material for cultivar development is 
critical to success. Therefore, the effectiveness of the germplasm evaluation 
methods used is equally critical. Most methods fall into two broad categories: per se 
evaluation or testcross evaluation. Per se evaluation is by far the simplest, fastest, 
and least expensive method of evaluation. It is most effective if the trait of interest 
is inherited qualitatively. If the trait is inherited quantitatively, if heritability is 
moderate to low, and if production of testcross seed is practical, testcross evaluation 
is preferred. Testcross evaluation methods are highly developed in maize (Zea mays 
L.), because production of testcross seed in maize is routine. Several statistics to 
evaluate testcross material for identification of maize germplasm with superior alleles 
have been developed and compared (Gerloff and Smith, 1988a; Gerloff and Smith, 
1988b). 
Kenworthy (1980) suggested testcross evaluation of soybean [Glycine max 
(L.) Merr.] germplasm in addition to per se evaluation. Several researchers studying 
quantitatively inherited traits of soybean have compared per se evaluation with 
evaluation of advanced generations derived from a testcross. Sweeney and St. 
Martin (1989) evaluated F2-derived lines, Reese et al. (1988) evaluated F2 bulks, St. 
53 
Martin and Aslam (1986) evaluated F3 bulks, and Thome and Fehr (1970) evaluated 
F5 and F6 populations. These investigators concluded that per se ranking was fairly 
adequate for choosing parents for soybean cultivar development and required fewer 
resources than the evaluation of advanced generations of a testcross. The F1 
generation of a testcross has not been evaluated primarily because soybean is a self-
pollinated crop species, and production of large amounts of hybrid seed by hand 
pollination has been impractical. 
Insect cross-pollination of male-sterile soybean plants facilitates the production 
of hybrid seed. Graybosch and Palmer (1988) evaluated relative productivity of msl 
msl, ms2 ms2, and ms3 ms3 male-sterile plants and found that ms2 ms2 plants 
were the most productive. Lines segregating for ms2 ms2 male sterility have been 
used by several researchers to produce hybrid seed (Carter et al,, 1983; St. Martin 
and Ehounou, 1989; Nelson and Bernard, 1984; Specht and Graef, 1992). Lewers et 
al. (in press) developed a hybrid-seed production method, the Cosegregation Method, 
which uses lines cosegregating for the ms6 male-sterility allele and the w7 allele (m/7 
w1 plants have green hypocotyls and white flowers). The Cosegregation Method 
was compared with two previously used methods and found to be more efficient 
(hybrid seed yifeld, quality, and purity with respect to the amount of land, seed and 
time required for each method). Lewers et al. (in press) concluded that the 
Cosegregation Method could be used to produce hybrid seed for testcross evaluation 
of germplasm, for genetic studies, and for recurrent selection. 
Vegetative heterosis often has been observed in soybean. Nelson and 
Bernard, 1984) reported heterosis for plant height to be the most frequent type of 
heterosis expressed among hybrid lines. Lush vegetative growth preconditions the 
plants to early lodging which leads to pod abortion and grain yield reduction (Cooper, 
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1971). Under these circumstances, testcross evaluation would not reflect the true 
genetic potential of the line evaluated, heterosis and inbreeding depression estimates 
would not represent the true values, and evaluation of lines in a recurrent selection 
program would be inaccurate, decreasing realized genetic gain. Therefore, if lush 
vegetative growth and/or lodging is expected in the F1 generation, a method to 
compensate for the associated potential grain yield loss should be investigated. 
Lush vegetative growth and lodging also have been expected when material is 
planted in narrow rows. To reduce yield loss, researchers investigated the effects of 
the Dt2 and S alleles in inbred lines. The Dt2 allele conditions semideterminancy 
(Bernard, 1972). The S allele conditions short internodes (Bernard, 1975). Both 
alleles are dominant and, therefore, are expressed in the heterozygous as well as the 
homozygous state. The effects of the Dt2 allele have been researched more than 
those of the S allele. Both the Dt2 and S alleles have been tested in genetic 
backgrounds containing the cultivars Clark or Harosoy as a parent. 
The objectives of this research include 1) using the Cosegregation Method of 
hybrid seed production to produce enough testcross seed per parental combination to 
evaluate the testcrosses with their parents in multiple-environment replicated three-
row agronomic evaluations, 2) obtaining additional information on heterosis and 
inbreeding depression levels in soybean, 3) observing the effects of the Dt2 and S 
alleles on the expression of vegetative and/or reproductive heterosis in order to 
determine if the presence of the Dt2 or S allele aids in the evaluation of the F1 
generation through reduced plant height heterosis, reduced lodging heterosis, and 
increased grain yield heterosis, and 4) estimating the parental value of inbred lines by 
evaluating the F1 generation of testcrosses in comparison with the parental lines. 
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MATERIALS AND METHODS 
Two testers were used to evaluate seven lines genotypically. The study was 
factorial with three factors: male parents (testers); female parents; and stem type 
(dt2 dt2 s s, Dt2 s s, dt2 dt2 S ). A randomized complete-block design 
compared the testcross lines with the testers, the lines to be evaluated, and a 
Maturity Group II (MG II) check line. Evaluations were made on replicated three-row 
plots at three locations (Ames, Iowa; Columbus, Ohio; Harrow, Ontario) for two 
years. Traits evaluated included maturity date, lodging, plant height, harvest index, 
seed yield, 100-seed weight, seed protein content, and seed oil content. 
Parental Materials 
The testers were three near-isogenic lines each of 'Clark' (Clark e2, Clark e2 
Dt2, and Clark e2 S) and 'Harosoy' (Harosoy, Harosoy Dt2, and Harosoy S). These 
cultivars were chosen as testers for five reasons: 1) they are purple-flowered; 2) they 
mature with Maturity Group (MG) II cultivars; 3) their cumulative pedigrees include 
the five ancestors most widely used in cultivar development in the United States 
(Delannay et al., 1983); 4) both coefficient-of-parentage estimates (Carter et al., 
1993) and restriction fragment length polymorphism analyses (Shoemaker et al., 
1992) indicate that Clark and Harosoy are genetically divergent; and 5) near-isogenic 
lines containing the Dt2 and S alleles were available for both cultivars. Clark matures 
with MG IV cultivars, but the Clark e2 near-isogenic lines mature with MG II cultivars 
due precocity from the e2 allele in the homozygous state (Bernard, 1971), Seeds of 
these near isogenic lines were obtained from Dr. S.K. St. Martin (Ohio State 
University) (Clark e2 and Clark e2 S) and the USDA National Plant Germplasm 
System's active soybean collection through Dr. R.L. Nelson (USDA, University of 
Illinois). 
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The lines to be evaluated were PI 384.474 (from the former U.S.S.R.), PI 
416.941 (from Japan), four commercial lines with greater than 25% exotic 
germplasm in their pedigrees {'Glenn', *0X155', 'AG020', and 'AX2858'), and a 
sibling line to T295H (the source of the ms6 allele)(Skorupska and Palmer, 1989; 
Palmer and Skorupska, 1990). These MG II lines were expected to have novel genes 
affecting agronomic traits. Backcross-derived lines cosegregating for the w1 and 
ms6 alleles in coupling phase had been developed previously (Table 1). The sibling 
line to T295H also was cosegregating for the w1 and ms6 alleles. 
Production of cosegregating backcross-derived pod-parent lines 
BC4F1:2 lines derived from the lines to be evaluated (recurrent-parent lines) 
were grown at the Iowa State University soybean research site at the Isabela 
Substation of the University of Puerto Rico near Isabela, Puerto Rico. Fertile BC4F1;2 
plants (W1 Ms6 ) were harvested individually for progeny testing of BC4F2:3 
seeds. In addition, fertile plants (1/1/7 Ms6 ) from the cosegregating T295H line 
were harvested individually for progeny testing. Progeny testing was conducted 
either in a glasshouse sand bench or on germination paper in a growth chamber. 
Hypocotyl color was recorded for at least two seedlings per entry to distinguish 
entries which were all w1 w1 (green hypocotyl and white flower) from entries which 
were either all W1 W1 (purple hypocotyl and purple flower) or W1 and w1 w1 
(segregating for hypocotyl and flower color). Most progeny-test entries segregating 
at the W1 locus were expected to co-segregate at the Ms6 locus. Remnant seeds of 
entries segregating for hypocotyl color were bulked within each backcross-derived 
line. Remnant seeds of entries with two purple-hypocotyl seedlings also were bulked 
within each backcross line. Segregation ratios (1/1/7 ; w1 w1) for the bulk of 
entries showing only purple hypocotyls were estimated based on number of entries 
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known to and expected to segregate at the \N1 locus. The w1 w1 ms6 ms6 seeds 
within these bulks were the pod-parents in testcross-seed production in 1993. 
These bulks were sufficient for producing enough testcross seed for two years 
of evaluation. However, production of reserve cosegregating pod-parent lines for a 
second year of testcross seed was desirable. Therefore, additional fertile plants (W1 
Ms6 ) from the cosegregating T295H sibling line, and BC5F1:2 plants (BC5F2:3 
seeds) from the six backcross-derived lines were progeny tested in the winter of 
1993-1994 at the USDA nursery near Isabela, Puerto Rico. Twenty-four seeds per 
entry were planted, and each entry was scored for flower color and fertility/sterility to 
confirm cosegregation of the w1 and ms6 alleles. Remnant seeds of cosegregating 
entries were bulked within each backcross line and within the cosegregating T295H 
sibling line. The w1 w1 ms6 ms6 seeds within these bulks were to be the pod-
parent, if necessary, for testcross-seed production in 1994. 
Production of pollen-parent seed to use in hybrid seed production 
The tester near-isogenic lines were increased at the Isabela Substation of the 
University of Puerto Rico near Isabela, Puerto Rico for use as the pollen-parent in 
1993 testcross-seed production. Pollen-parent plants (tester near-isogenic lines) from 
within the 1993 testcross-seed production blocks were harvested and bulked for use 
in 1994 testcross-seed production. 
Production of testcross seed 
The testcross-seed production goal was to generate 4500 testcross seeds per 
testcross at each location. An average yield of 25 testcross seeds per male-sterile 
plant was expected. One-thousand-two-hundred seeds, of which 300 were expected 
to be ms6 ms6, from each pod-parent bulk were used at Columbus in 1993 for 
testcross-seed production. Remaining seeds from these bulks were counted. Seeds 
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were added from the bulks of entries with two purple-hypocotyl seedlings in an 
amount that was estimated (based on estimated segregation ratios) to sum to a total 
of 300 ms6 ms6 seeds. These bulks were used as pod-parent at Ames in 1993 
testcross-seed production. 
Testcross-seed production isolation blocks were planted in 1993 near Ames 
and Columbus according to the Cosegregation Method of hybrid-seed production 
described by Lewers et al. (in press). A separate isolation block was planted for each 
tester. At Ames, natural pollinator populations were augmented with 'Buckfast' 
strain (Osterlund, 1983) honey bees {Apis mellifera L.) supplied by the USDA North 
Central Regional Plant Introduction Station, Ames, Iowa. Male-sterile plants within 
each pod-parent by pollen-parent combination (testcross) were harvested separately. 
Each testcross was threshed in bulk. 
Testcross-seed yield at Ames in 1993 was very poor due to cool overcast 
conditions during flowering. Testcross-seed yield at Columbus in 1993 was adequate 
for two years of testing for 17 of the 42 testcross combinations. Therefore, a 
second year of testcross-seed production was required for the remaining 25 testcross 
combinations. The reserve supply of T295H seeds known to cosegregate for the w7 
and ms6 alleles and remnant BC5F2:3 seed of cosegregating entries from each of the 
six backcross-derived lines were used as pollen parent in 1994 testcross-seed 
production at Ames. All backcross-derived seed was used to ensure production of an 
adequate quantity of testcross seed. 
Production of parental seed for use in agronomic evaluations 
The six recurrent parent lines were increased at Ames in 1993 and 1994 for 
use i n  t h e  1 9 9 4  a n d  1 9 9 5  a g r o n o m i c  e v a l u a t i o n s ,  r e s p e c t i v e l y .  S e e d s  o f  f e r t i l e  { w 7  
w1 Ms6 Ms6) plants from T295H were planted for increase at Ames in 1993 and 
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1994 for use in the agronomic trials. The six tester near-isogenic lines were each 
bulk harvested from the hybrid-seed production blocks at Ames and Columbus in 
1993 and at Ames in 1994. The six tester near-isogenic lines were increased at 
Columbus in 1994 for use in the 1995 agronomic evaluations. 
Agronomic Evaluations 
In 1994, 1993 testcross seed, tester isoline seed, recurrent-parent seed, and 
Ms6 Ms6 seed from T295H were planted for agronomic evaluation near Ames, 
Columbus, and Harrow. 'Kenwood' (Cianzio et a!., 1990), a MG II cultivar with the 
genotype W1 W1 Ms6 Ms6, was planted as a check line. The seed source for 
Kenwood was Ames, 1993. The supply of 1993 testcross seed from Ames was 
small; seed for only 23 of the 42 testcrosses was available. Each testcross entry for 
which seed was in short supply was assigned randomly to locations and to 
replications within locations. 
Plot dimensions at Ames were three 71 cm wide by 4.9 m long rows. Planting 
rate was 26 seeds m"^. Plot dimensions at Columbus were three 38 cm wide by 4.9 
m long rows. Planting rate was 20 seeds m"^. Plot dimensions at Harrow were three 
61 cm wide by 4.9 m long rows. Planting rate was 26 seeds m"^. 
White-flowered plants and purple-flowered plants in the center row of every 
plot were counted to obtain stand counts and to determine the percentage of 
pollination of male-sterile plants by fertile white-flowered siblings during the 1993 
testcross-seed production. The percentage of white-flowered individuals in the 
testcross seed from Ames averaged approximately 5%, while the percentage of 
white-flowered individuals in the testcross entries from Columbus was as high as 
60% (data not shown). Therefore, at Ames and Columbus, white-flowered plants in 
the center row of every plot were tagged at flowering for removal just prior to 
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harvest, and at Harrow, the number of fertile plants and male-sterile plants in the 
center row were counted at maturity. Percentage purity was calculated for all 
locations, although the estimates for plots at Harrow were not as accurate. At Ames 
and Columbus, percentage purity was calculated as the number of purple plants 
divided by the total number of plants. At Harrow, percentage purity was calculated 
as the number of fertile plants divided by the total number of plants. 
All data were recorded from the middle row and after any male-sterile and/or 
tagged (white-flowered) plants were removed (in the first year). Maturity date was 
the date, after August 31, on which 95% of the pods in the middle row were brown. 
Plant height was measured in centimeters. Lodging was a visual observation on a 1 
to 5 scale with 1 being upright, 3 being at a 45° angle, and 5 being prostrate. After 
these values were recorded, the center rows were end-trimmed by 30 cm on each 
end. 
After end-trimming, data were taken to determine harvest index (proportion, 
by weight, of the total above-ground plant which is seed). This value was determined 
differently at each location, because different resources were available at each 
location. 
At Ames, for 81 cm of the center row, plants were cut just above soil level. 
Three representative plants were weighed, dried at 60° C for four days, and re-
weighed to determine percentage whole-plant moisture at harvest. The remaining 
plants were weighted and threshed. The seed was dried at 60® C for four days and 
re-weighed to determine the percentage seed moisture at harvest. Harvest index was 
calculated as seed weight at 0% moisture divided by whole plant weight at 0% 
moisture. 
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At Harrow, harvest index data were measured by cutting and threshing 81 cm 
of plants in the center row. The vegetative material was collected separately from 
the seed for each plot. Both were dried to the same percentage moisture and 
weighed. Harvest index was calculated as the seed weight divided by the sum of the 
seed weight and the vegetative weight. 
At Columbus, harvest index data were measured by cutting the entire plot and 
bundling it. The bundle was weighed and threshed. The seed was collected. Six 
times during the day, a bundle was set aside for drying to determine percentage 
moisture of the whole plant. It was assumed that percentage moisture was affected 
more by time of day than by genotype and that percentage seed moisture was equal 
to percentage plant moisture. The six percentage moisture values were averaged to 
get a mean percentage moisture value which was used to adjust all bundle weights to 
0% moisture. The seed was weighed and dried to a uniform moisture. The seed 
weight was adjusted to 0% moisture. Harvest index was calculated, using weights 
adjusted to 0% moisture, as the seed weight divided by the sum of the seed weight 
and the plant weight. 
At all locations, the remainder of the center row was harvested to determine 
seed yield after plant stand was determined. Seed was dried to a uniform moisture 
and weighed. The weight value was adjusted to 13% moisture. The yield value was 
adjusted for purity. The percentage purity for each plot had been calculated 
previously. The area of the center row of each plot was calculated by multiplying the 
remaining row length and the width between rows. Yield, grams of seed harvested 
per plot area, was calculated by dividing moisture- and purity-adjusted seed weight by 
the plot area for the center row. This value was converted to kilograms per hectare. 
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The seed was cleaned and 100-seed weight was calculated as the one-fifth 
the weight, adjusted to 13% moisture, of 500 seeds. After 100-seed weights were 
determined, seed was measured for percentage protein and percentage oil by using 
near infrared analysis (NIR) at the USDA Northern Regional Research Center in Peoria, 
Illinois. 
In 1995, 1993 Columbus and 1994 Ames testcross seed, tester isoline seed, 
recurrent-parent seed, Ms6 Ms6 seed from T295H, and Kenwood (produced near 
Ames in 1994) were planted for agronomic evaluation near Ames and Columbus. 
Harrow was not included in the 1995 agronomic trials. In addition, in 1995 six F2 
testcrosses involving the tester Harosoy were evaluated to determine inbreeding 
depression. Harosoy testcrosses were evaluated, because the F2 entries would not 
segregate at the Dt2 or S loci. F2 seed for the 1995 evaluation was obtained from 
the Ames 1994 evaluation seed after all measurements were recorded. 
The six F2 entries were overplanted at four thirds the normal seeding rate. 
This planting rate was based on the expected segregation ratio of three fertile plants 
to one sterile plant. All genes controlling the traits of interest were expected to 
segregate independently of the \N1 locus controlling hypocotyl color. Shortly after 
germination, at the first trifoliolate stage, all green-hypocotyl seedlings were removed. 
Most of the remaining purple-hypocotyl seedlings would be fertile, and problems 
associated with evaluating plots segregating for sterility (Nelson, 1987) were 
avoided. 
Because purity and stand were a problem the first year, an adjusted seeding 
rate was calculated for the second year based of the first year's purity and stand 
data. Many of the testcross plots planted with Columbus 1993 seed were 
overplanted. Shortly after germination, at the first trifoliolate stage, all green-
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hypocotyl seedlings (fertile siblings from self pollination) were removed from all three 
rows of each plot. 
Statistical Analysis 
Within each year-location the stand count for the plot with the greatest stand 
was determined. All data were eliminated from any plot with a stand count lower 
than 50% of the greatest stand (Burmood and Fehr, 1973). In addition, all data were 
eliminated from any plot with less than 60% purity. The data for AX2858 and its 
testcross progeny were highly variable, and several replications were missing, 
because of the difficulties (non-synchronization of flowering) encountered producing 
testcross seed (Tables 2 and 3) and because of poor stands for both AX2858 and its 
testcross progeny. AX2858 and ail its testcross progeny were eliminated from 
further analyses. One replication of the data from Columbus in 1995 was almost 
entirely missing, and many entries of the other replications were missing, so all data 
from this environment were removed from the analysis. 
Ames 1993 and Columbus 1993 seed was used in the 1994 agronomic 
evaluations, and Columbus 1993 and Ames 1994 seed was used in the 1995 
agronomic evaluations. Because three different seed sources were used, the data 
were analyzed for seed source effects (Fehr and Probst, 1971; Stutte et al., 1979). 
Two separate analyses were done. The analysis of the 1994 agronomic evaluation 
compared the effect of the Ames 1993 seed source (source 1) with that of the 
Columbus 1993 seed source (source 2). The analysis of the 1995 agronomic 
evaluation compared the effect of the Columbus 1993 seed source (source 2) with 
that of the Ames 1994 seed source (source 3). The objectives of these analyses 
were to determine if, within a year, for any agronomic trait measured, there were 
significant differences between seed sources, and if there were any genotype-by-
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seed-source interaction effects. Within each year, only the genotypes for which seed 
from both seed sources were used in all locations were included in the analysis. In 
the first analysis, genotypes were the six tester near-isogenic lines and twelve of the 
testcrosses. In the second analysis genotypes were the six tester near-isogenic lines 
and six of the testcrosses. The means of the variables (traits measured) were 
determined for each genotype-by-seed-source combination at each location. The 
means were used in the analysis of variance to determine location, seed source, 
genotype, and seed-source-by-genotype interaction effects. Over-all genotype and 
interaction effects were tested. None of the interaction effects approached 
"significance" (P < 0.05). Seed source effects reached significance for three traits: 
maturity date, seed protein content, and seed oil content. Differences between seed 
sources for maturity date were significant in both years. Entries planted with seed 
from seed source 2 (Columbus 1993) matured later than did the entries planted with 
seed from the other two seed sources. Differences between seed sources for seed 
protein were significant in the first year. Entries planted with seed from seed source 
2 (Columbus 1993) had a lower seed protein content than did the entries planted with 
seed from seed source 1 (Ames 1993). Differences between seed sources for seed 
oil content were significant in the second year. Entries planted with seed from seed 
source 2 (Columbus 1993) had a lower seed oil content than did the entries planted 
with seed from seed source 3 (Ames 1994). Because there were no seed-source-by-
genotype interaction effects approaching significance for maturity, the maturity-date, 
seed protein content, and seed oil content data were adjusted to take seed source 
into account. 
Some genotypes, tester near-isogenic lines and some testcrosses, were 
represented in a replication more than once because two seed sources were used in 
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each of the years. After adjusting for seed-source effects, data from two plots of the 
same genotype in the same replication were averaged to obtain a single value for 
each variable. This new data set was used in further analyses. 
The data were sorted by environment (year-location) and treatment. An 
analysis of variance was conducted to obtain genotypic means and error mean-square 
values for each variable. These means were used to calculate F1 midparent heterosis 
values, high-parent heterosis values, Tij values, and Ti values (St. Martin et al., 
1996). The error mean-square values from the analyses of variance were used to 
make f-test comparisons among individual heterosis values, Tij and Ti values, and 
among grouped heterosis values in further analyses. Two separate analyses were 
conducted. The first was to obtain means and error mean-square values for 
calculating F1 midparent and high-parent heterosis; this analysis used data from all 
four remaining environments and excluded data from F2 entries. The second analysis 
was to obtain means and error mean-square values for calculating F1 midparent 
heterosis, F2 midparent heterosis, and inbreeding depression for the subset of six 
testcrosses with the pollen parent Harosoy. This analysis used data from two 
locations in the second year, because those were the only two environments in which 
the F2 generation was tested. 
Midparent means were calculated as the average of the two parental means 
[(P, + F1 midparent heterosis was calculated as the difference between the 
F1 mean and the midparent mean (Fl, ^  - MP, 2)- F2 midparent heterosis was 
calculated as the difference between the F2 mean and the midparent mean (F2,2 -
MP, j). inbreeding depression was calculated as the difference between the F1 mean 
and the F2 mean (F1,2 - F2, 2). High-parent heterosis values were calculated for 
testcrosses showing significant midparent heterosis if the two parents were 
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significantly different from each other. High-parent heterosis was calculated as the 
difference between the F1 mean and the high-parent (HP) mean (F1- HP). The 
concepts of and calculations for heterosis inbreeding depression are common, but the 
Tij and Ti values and calculations have been developed recently (St. Martin et al., 
1996), and are described briefly herein. 
"Given a set of adapted pure lines (Al, A2, ..., Am) to be improved and a set 
of germplasm lines (PI, P2, ..., Pf), the procedure consists of producing all possible 
f X m hybrids and evaluating them along with their parents. The testcross statistic Tij 
is defined by Tij = y(Fij - Aj) + {1-y)(Fij - Pi), where Aj, Pi, and Fij represent the 
performance of the jth adapthed line, the ith germplasm line, and their hybrid, 
respectively. The statistic Ti = 1/m E (Tij) is the mean value of Tij over all adapted 
parents Aj. If g = 1/2 (1 + d'), where d' = the mean degree of dominance, then Tij 
measures the potential for alleles from Pi to improve Aj, and Ti measures the potential 
for alleles from Pi to improve the set Al, A2, ..., Am." The value d' has been shown 
to have little effect. If d' = 1, then Tij = Fij - Aj and selection of Pi can be made on 
Fij without concurrent testing of the Aj (St. Martin et al., 1996). Tij and Ti values 
were calculated herin with the assumption that d' = 1, therefore, Tij was calculated 
as the difference between the F1 mean and the adapted-parent (AP) mean (F1 - AP). 
F1 and F2 midparent heterosis and inbreeding depression were tested for being 
significantly different from zero by using f-tests. The standard error of F1 or F2 
midparent heterosis was calculated as the square root of 3/2 of the error mean-
square value from the analysis of means. The standard error used to compare two F1 
or F2 midparent heterosis values was three times the error mean-square value from 
the analysis of means. The standard error of inbreeding depression was calculated as 
the square root of twice the error mean-square value from the analysis of means. 
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High-parent heterosis was tested for being significantly different from zero by using f-
tests. The standard error of high-parent heterosis was calculated as the square root 
of twice the error mean-square value from the analysis of means. Tij values and Ti 
values were tested for being significantly different from zero by using f-tests. The 
standard error of Tij was calculated as the square root of twice the error mean-square 
value from the analysis of means. The standard error of Ti was calculated as the 
square root of 1 /3 the error mean-square value from the analysis of means. The 
standard error used to compare two Ti values in f-tests was calculated as the square 
root of 2/3 the error mean-square value from the analysis of means. 
Heterosis values were treated as a new data set in a three-factor analysis of 
variance to determine the effects of the testers, the stem types, the lines to be 
evaluated (pod-parent recurrent parent lines), and interaction effects on the 
expression of heterosis. 
RESULTS AND DISCUSSION 
Testcross Seed Production Yields 
The number of male-sterile plants harvested from each pod parent by pollen 
parent combination in the testcross-seed production blocks are reported in Table 2. 
These values are similar to those reported by Lewers et al. (in press). Testcross-seed 
production varied among pod parents but cannot be tested statistically without 
replication. Testcross-seed production was particularly low for the AX2858 
backcross-derived line because it did not flower synchronously with the other lines. 
Heterosis 
Significant levels of F1 midparent heterosis were found for every trait 
measured. For many traits, both positive and negative heterosis values were 
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calculated. These values, if significantly different from zero (P = 0.05), are referred 
to, herein, as positive heterosis and negative heterosis, respectively. The number of 
testcrosses for which significant positive or negative midparent or high parent 
heterosis was found is given for each trait measured (Table 3). The trait for which 
significant positive midparent heterosis was most commonly found was plant height. 
This agrees with the findings of Nelson and Bernard (1984). Positive midparent 
heterosis was common for maturity date; only three testcross lines showed negative 
midparent heterosis (earlier maturity). One reason could be that both testers were 
homozygous recessive (e2 e2) at the £2 locus (Raymer and Bernard, 1988). If the 
pod-parent lines were mostly £2 E2, the hybrids would be E2 e2, and maturity would 
be skewed toward lateness. None of the testcross lines showed significant negative 
heterosis for lodging (more upright plants). None of the testcross lines showed 
significant positive midparent heterosis for protein (increased seed protein). All of the 
significant midparent heterosis values for grain yield were positive. 
The distribution among testcrosses of significant midparent heterosis, and 
significant high-parent heterosis for each trait are shown in Table 4. The total 
number of traits for which significant heterosis was observed was greatest for pod 
parents AG020 and PI 384.474. This finding suggests that these two pod parents 
are more genetically divergent from the testers than were the other pod parents. 
High-parent heterosis was most common for maturity date. Plant height and seed oil 
content were the two other traits for which significant high-parent heterosis was 
observed. All testcrosses showing significant midparent heterosis for grain yields had 
mean yields higher than those of the higher-yielding parent, but high-parent heterosis 
was not significant and/or the difference between the two parents was not 
significant. 
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Significant F2 midparent iieterosis and inbreeding depression were observed 
for all traits except lodging {Table 5). Inbreeding depression, affected by dominance, 
is considered to be a better criterion than F1 heterosis (affected by dominance and 
epistasis) for deciding to develop hybrids for a crop species (Compton, 1977). 
Significant inbreeding depression was observed for grain yield in one pod-parent, 
CXI 55. Significant inbreeding depression was most common for maturity date (five 
out of six evaluated testcross lines) and was negative in every case, meaning that the 
F2 tescross-progeny bulks matured even later than the F1 testcross progeny. 
Negative inbreeding depression also was observed for plant height in one pod-parent, 
T295H. Negative inbreeding depression for maturity and plant height is likely a 
reflection of the heterogeneity of the F2 generation and the method by which 
maturity date and plant height are determined. For example, Harosoy is of the 
genotype e2 e2 (Raymer and Bernard, 1988), so the F2 of testcrosses with lines of 
the genotype E2 E2 would segregate for maturity. Maturity date, the date on which 
95% of the pods in the row were brown, would be late because 3/4 of the plants in 
the F2 family row would be E2 . 
Effect of stem type and tester on expression of heterosis 
The analysis of variance for midparent F1 heterosis partitioned genotypes 
according to three factors; tester, stem type, and pod-parent line (Table 6). 
Significant differences among pod-parent line heterosis levels were observed for all 
agronomic traits (Table 7). Significant differences among tester heterosis levels were 
observed for plant height, grain yield, harvest index, and seed oil content. Significant 
differences among stem-type heterosis levels were observed for maturity, plant 
height, and seed oil content. For these same traits plus harvest index, significant 
interaction effects on heterosis were observed for stem type and tester, meaning that 
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the effect of stem type on the expression of heterosis differed between testers. In 
addition, for lodging and seed protein content, significant interaction effects on 
heterosis were observed for stem type and pod parent, meaning that the effect of 
stem type on the expression of heterosis differed among the pod-parent lines. 
While stem type affected the expression of plant-height heterosis, the effects 
were inconsistent as shown by the stem-type-by-tester interaction effects (Table 7). 
Lodging heterosis was not affected by stem type, and the effect of stem type on the 
expression of lodging heterosis differed to a small extent with the pod-parent line 
(Table 8). Grain-yield heterosis also was not affected by stem type, and there were 
no stem-type-by-tester or stem-type-by-pod-parent interaction effects, meaning that 
the effect of stem type on grain-yield heterosis was equally lacking in both testers 
and all pod-parent lines (Table 7). The inconsistency of the stem type effects on 
plant-height heterosis and lodging heterosis, and the lack of stem-type effect on 
grain-yield heterosis leads to the conclusion that the presence of the Dt2 or S allele in 
a tester would not facilitate testcross evaluation by reducing yield losses associated 
with lodging. 
Significant interaction effects on heterosis by pod parent and tester were 
observed for grain yield, harvest index, 100-seed weight, and seed protein content 
(Table 9), meaning the effect of pod-parent line on the expression of heterosis of 
these traits was dependent on the tester. This is not consistent with the findings of 
St. Martin and Aslam (1986), who evaluated F3 and F4 bulks of testcross lines, and 
concluded that the choice of a tester would not be critical for testcross evaluation of 
germplasm for grain-yield improvement. 
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Evaluation of Pod-Parent Lines 
Comparison of two generations in four environments 
Evaluations of pod-parent lines in this part of the study were based on per se 
performance and on performance in testcrosses across all testers and stem types in 
four environments. Per se values, midparent heterosis values, and Ti values tended 
to rank the pod-parent lines in different orders, and the degree of agreement among 
rankings depended on the agronomic trait being evaluated. Sometimes a pod-parent 
line would be ranked at the bottom or top of all three rankings, but more often this 
was not the case. 
Maturity date for most of the pod-parent lines was about the same as for the 
testers; only AG020 and T295H were later in the perse evaluation. Significant F1 
midparent heterosis was negative (earlier maturing) for PI 384.474, and positive (later 
maturing) for all other lines except T295H, for which midparent heterosis was not 
significant. Ti values were significantly positive for all lines, except PI 384.474, for 
which the Ti value was not significantly different than zero. 
Lodging for PI 416.941 and CXI 55 was greater than that of the testers. 
AG020 lodged significantly less than the testers. Midparent heterosis was significant 
only for PI 416.941 and was positive (lodged more). Ti values for PI 416.941, Glenn, 
and CXI 55 also were significantly positive. Only AG020 had a significantly negative 
Ti value (lodged less). 
Plant height of CXI 55, Glenn, and T295H was greater than that of the 
testers; the other lines were about the same height as the testers. Midparent 
heterosis was not significant (no increase in plant height) for PI 384.474 and T295H; 
midparent heterosis was significant and positive (taller plants) for all other lines. The 
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Ti value for PI 384.474 was not significant, and the Ti values for all other lines were 
significantly positive. 
Grain yield of the pod-parent lines was generally greater than that of the 
testers; only PI 384.474 yielded less than the testers. Midparent heterosis was 
significant and positive for PI 384.474, AG020, and CXI 55, and heterosis levels 
among these three lines were not significantly different from one another. Ti values 
for all lines, except PI 384.474, were significantly positive. Only AG020 and CXI 55 
had significant heterosis and Ti values. 
Harvest index for the testers was higher than that of PI 384.474 and PI 
416.941, about the same as that of AG020 and Glenn, and lower than that of T295H 
and CXI 55. Midparent heterosis was significantly negative (lower grain to plant 
ratio) for PI 384.474, nonsignificant for Glenn, and significantly positive for all other 
lines. The Ti value for PI 384.474 was significantly negative, and the Ti values for all 
other lines were significantly positive. Both heterosis and Ti values indicate that 
AG020 would improve harvest index more than other lines and that PI 384.474 
would lower harvest index more than other lines. 
Hundred-seed weight of PI 384.474, CXI 55, and Glenn was less than that of 
the testers, while hundred-seed weight of PI 416.941, AG020, and T295H was 
greater than that of the testers. Midparent heterosis for PI 384.474 was significantly 
negative (smaller seeds), while midparent heterosis for PI 416.941 and T295H was 
significantly positive (larger seeds). Ti values for PI 384.474, CXI 55, and Glenn 
were significantly negative, and Ti values of the other lines were significantly 
positive. Per se evaluation, midparent heterosis, and the Ti values ranked the pod-
parents in identical order for 100-seed weight. 
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Seed protein content of the testers was higher than that of CXI 55, T295H 
and AG020, about the same as that of Glenn, and lower than that of PI 384.474 and 
PI 416.941. Midparent heterosis for AG020 and Glenn was significantly negative 
(lower seed protein content), while midparent heterosis for CXI 55 was significantly 
positive (higher seed protein content). The Ti value for AG020 was significantly 
negative, the Ti value for PI 416.941 was significantly positive, and the Ti values for 
all other lines were nonsignificant. 
The seed oil content for PI 384.474 and PI 416.941 was lower than that of 
the testers, while the seed oil content of CXI 55 was higher than that of the testers. 
Midparent heterosis for CXI 55 was significantly negative (lower seed oil content), 
while midparent heterosis values for T295H and PI 384.474 were significantly 
positive (higher seed oil content). Ti values for PI 416,941 and Glenn were 
significantly negative, and the Ti value for T295H was significantly positive. 
In summary, PI 384.474 had high seed protein content and small seeds, but 
had low grain yield, harvest index, and seed oil content. Midparent heterosis values 
indicate that it could contribute to early maturity, high grain yield, small seeds, high 
seed oil content, but also low harvest index; and Ti values indicate that it could 
contribute to small seeds, but low harvest index. PI 416.941 had high grain yield and 
high seed protein content, but lodged, and had low harvest index and seed oil 
content. Heterosis values indicate that it could contribute to higher harvest index, 
later maturity, taller plant height, more lodging, and increased seed size; and Ti 
values indicate that it could contribute to high grain yield, harvest index, and seed 
protein content, and would increase maturity time, plant height, lodging, and seed 
size. Glenn had high grain yield and small seed size, and was tali and lodged. 
Heterosis values indicate that it would contribute to later maturity, taller plants, and 
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lower seed protein; and Ti values indicate that it could contribute to high grain yield, 
high harvest index, small seeds, later maturity, taller plants, increased lodging, and 
lower seed oil content. CXI 55 had high grain yield, harvest index, and seed oil 
content with small seeds, but was tail, lodged, and had low seed protein content. 
Heterosis values indicate that it could contribute to high yield, harvest index, seed 
protein content, later maturity, taller plants, and lower seed oil content; and Ti values 
indicate that it could contribute to high yield and harvest index, small seeds, later 
maturity, taller plants, and increased lodging. AG020 had high grain yield, and 
upright plants, but was late maturing, and had large seeds with low protein content. 
Heterosis values indicate that it could contribute to high grain yield, high harvest 
index, later maturity, taller plants, and lower seed protein content; and Ti values 
indicate that it could contribute to high grain yield and harvest index, upright plants, 
later maturity, taller plants, larger seeds, and lower seed protein content. T295H had 
high grain yield, and harvest index, but had late maturity, tall plants, large seeds and 
low seed protein content. Heterosis values indicate that it could contribute to high 
harvest index, high seed oil content, and larger seeds; and Ti values indicate that it 
could contribute to high grain yield, harvest index, seed oil content, later maturity, 
taller plants, and larger seeds. 
Comparison of three generations of Harosoy testcrosses 
F2 midparent heterosis was most commonly observed for maturity date, plant 
height, and grain yield (Table 3). The F2 heterosis values for maturity date and plant 
height are likely due to the heterogeneity of the F2 generation and the methods by 
which these measurements were taken. Therefore, grain yield will be the only trait 
discussed in this section. 
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The estimated value of pod-parent lines for improving grain yield of Harosoy 
depended on whether per se values, F1 midparent heterosis values, or F2 midparent 
heterosis values were used for evaluating the pod-parent lines (Table 10). Perse 
evaluation divided the pod-parent lines into two groups. The F1 midparent heterosis 
evaluation found significant differences among the pod-parent lines and found two 
pod-parent lines with heterosis not different from zero (CXI 55 and T295H). The F1 
midparent heterosis evaluation ranked pod-parents in a different order than did the 
evaluation in four environments. Evaluation using F2 midparent heterosis failed to 
distinguish among the pod-parent lines except that the lowest two heterosis values 
(for PI 384.474 and T295H) were not significantly different from zero. 
AG020, CXI 55, and T295H were the higher yielding pod-parent lines 
according to per se evaluation. AG020 also showed significant F1 and F2 midparent 
heterosis and is the only pod-parent line which performed well in all three evaluations. 
CXI 55 showed significant F1 heterosis but did not show significant F2 heterosis. 
CXI 55 was the only pod-parent line for which F1 midparent heterosis was 
significantly different from F2 midparent heterosis (inbreeding depression); for all 
other pod-parent lines there was no significant difference between F1 midparent 
heterosis and F2 midparent heterosis. Although T295H performs well per se, no 
significant F1 or F2 heterosis was observed in its testcross progeny. One explanation 
is that T295I-I has few novel alleles for improving grain yield of Harosoy; another 
explanation is that T295H has novel grain-yield alleles, but the dominance effects of 
those alleles are in opposite directions and cancel each other out. Glenn and PI 
416.941 were in the low-yield group by perse evaluation, but had significant F1 and 
F2 midparent heterosis and likely have some novel alleles for improving grain yield of 
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Harosoy. PI 384.474 was in the low-yield group by per se evaluation, showed low 
but significant F2 midparent heterosis, and no F1 heterosis. 
CONCLUSIONS 
In this study, 36 testcrosses (F1 generation) were evaluated agronomically in 
replicated trials that included the 12 parental lines. Significant F1 midparent 
heterosis was observed for every trait. Both positive and negative F1 midparent 
heterosis were observed for maturity date, plant height, harvest index, 100-seed 
weight, and seed oil content. Significant high-parent heterosis was observed only for 
a few traits: maturity; plant height (positive high-parent heterosis); and seed oil 
content (negative high-parent heterosis). Significant F2 midparent heterosis and 
inbreeding depression were observed for every trait except lodging. The finding of 
inbreeding depression for grain yield is especially interesting to those investigating 
commercialization of hybrid soybean (Compton, 1977). More research in this area 
and in the study of stability (across environments) of hybrids in comparison with their 
inbred parents could be done concurrently with germplasm evaluation. 
The testers used in this study were chosen to be genetically divergent from 
each other (Shoemaker et al., 1992; Carter et a!., 1993), as reflected in the analysis 
of variance of the F1 midparent heterosis values. Contrary to previous findings (St. 
Martin and Aslam, 1986), the choice of tester was important in determining parental 
value. Therefore, the tester should be a line which is representative of the material 
the soybean breeder would like to improve. If one or two lines are used as tester(s) 
to evaluate several exotic lines, it would be more practical to use the testers as pod 
parents and the exotic lines as pollen parents to reduce the number of lines to which 
male sterility must be transferred. 
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The Dt2 and/or S alleles, which alter stem type, a priori were thought to be 
useful for evaluation of the F1 generation of testcrosses and for the evaluation of 
material in a recurrent selection program. It was thought that these alleles might 
reduce excessive vegetative heterosis, reduce lodging heterosis, and reduce 
associated yield-loss heterosis. This study showed that both the Dt2 and S alleles 
reduced plant-height heterosis, but did not affect lodging or grain-yield heterosis. In 
addition, the effect of stem type on heterosis differed between testers and among 
pod-parent lines for several traits. These results do not indicate that the Dt2 or S 
allele would be consistently beneficial for germplasm evaluation or for evaluation of 
lines in recurrent selection for most cultivar development programs. However, a 
semideterminate (Dt2 Dt2) or short stem {S S) tester would be appropriate if the goal 
were to develop inbred or hybrid lines with these stem types. 
Pod-parent lines were evaluated using perse values, F1 midparent heterosis 
values, F2 midparent heterosis values, and Ti values (St. Martin et al., 1996). The 
rankings of lines using these methods were frequently not in agreement. The F2 
midparent heterosis values were inappropriate for evaluating lines for maturity and 
plant height, because of the heterogeneity of the F2 generation and the way in which 
these two traits usually are measured. The agreement between rankings using F1 
midparent heterosis values and Ti values often depended on whether the adapted or 
the exotic line was the better parent. Use of Ti values may be more appropriate if all 
the exotic lines to be evaluated were higher ranking or lower ranking than the 
tester(s) in per se evaluations. Alternatively, use of F1 midparent heterosis may be 
more appropriate if some exotic lines were higher ranking and others were lower 
ranking than the tester(s). Perse evaluation will augment germplasm evaluation using 
F1 midparent heterosis and/or Ti values, and use of rankings according to per se, F1 
78 
and F2 midparent heterosis, and Ti values, or an index using these values may be the 
most informative. 
There is an increased interest in evaluating and utilizing new soybean 
germplasm. Historically, short-term yield increase has been attained at the cost of 
genetic diversity (Gizlice et al., 1993). Several studies have shown a lack of genetic 
diversity in soybean cultivars grown in North America. Delannay et al. (1983) found 
that only 10 introductions contributed, collectively, more than 80% to the northern 
gene pool, and 7 contributed more than 80% to the southern gene pool. Specht and 
Williams (1984) found that only 12 ancestors contributed to the genomic ancestry of 
88% of the 136 cultivars released since 1939, while only five ancestors contributed 
to the cytoplasmic ancestry of 121 of the 136 cultivars. 
Gizlice et al. (1993) found that diversity has declined by 21 % and 26% in the 
northern and southern gene pools, respectively. The rate of loss is likely to 
accelerate with the use of transgenics and molecular-marker assisted backcrossing. 
These two technologies can effectively transfer single genes controlling pest 
resistance, and seed-quality traits while reducing linkage drag from the exotic 
genome. As these two potentially highly efficient technologies become more widely 
used, an organized effort to increase the diversity of genetic backgrounds into which 
single genes can be transferred would be appreciated by those using the 
technologies, and may be required to counteract the loss of genetic diversity. In 
addition, long-term grain-yield gain, quantitatively-controlled pest resistance, and 
altered seed-quality traits will continue to depend on introgression of novel alleles. 
These cultivar development goals can be simultaneously accomplished with the 
appropriate utilization of exotic germplasm. 
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Table 1. Schedule to generate Ms6 backcross-derived soybean lines. 
Season Location Year Procedure 
1 Ames, lA 1987 Pollinate donor parent ms6 ms6 plants with 
recurrent parent to make F1. 
2 Ames, lA 1988 Pollinate F1 with recurrent parent to make 
BC1F1. 
3 Isabela, PR 1988/89 Advance BC1F1 to BC1F2. 
4 Ames, lA 1989 Pollinate BC1F2 plants with 
recurrent parent to make BC2F1. 
5 Ames, lA 1990 Pollinate BC2F1 with recurrent parent to make 
BC3F1. 
6 Isabela, PR 1990/91 Advance BC3F1 to BC3F2. 
7 Ames, lA 1991 Pollinate BC3F2 ms6 ms6 plants with 
recurrent parent to make BC4F1. 
8 Ames, lA 1992 Pollinate BC4F1 with recurrent parent to make 
BC5F1. 
9 Isabela, PR 1992/93 Advance BC5F1 to BC5F2. 
10 Ames, lA 1993 Pollinate BC5F2 ms6 ms6 plants with 
recurrent parent to make BC6F1. 
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11 Ames, lA 1994 Pollinate BC6F1 with recurrent parent to make 
BC7F1 with donor-parent cytoplasm. 
Pollinate recurrent parent with BC6F1 to make 
BC7F1 with recurrent-parent cytoplasm. 
Table 2. Number of testcross soybean seeds per male-sterile plant from seven 
cosegregating (W1 Ms6 ) pod-parent lines at Ames, Iowa. 
Testcross Year 
Pod parent Pollen parent 1993 1994 
PI 384.474 X Clark e2 3.1 18.2 
Clark e2 Dt2 5.2 - t 
Clark e2 S 2.2 20.5 
Harosoy 4.5 19.9 
Harosoy Dt2 5.0 24.7 
Harosoy S 4.1 22.0 
Average 4.0 21.1 
PI 416.941 X Clark e2 1.9 13.8 
Clark e2 Dt2 4.2 -
Clark e2 S 2.3 -
Harosoy 2.7 -
Harosoy Dt2 4.0 19.1 
Harosoy S 2.7 -
Average 3.0 16.5 
Glenn x Clark e2 4.4 32.9 
Clark e2 Dt2 8.1 27.3 
Clark e2 S 6.5 -
Harosoy 10.1 -
Harosoy Dt2 11.3 48.3 
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Average 
CXI 55 X 
Average 
AG020 X 
Average 
AX2858 X 
Harosoy S 
Clark e2 
Clark e2 Dt2 
Clark e2 S 
Harosoy 
Harosoy Dt2 
Harosoy S 
Clark e2 
Clark e2 Dt2 
Clark e2 S 
Harosoy 
Harosoy Dt2 
Harosoy S 
Clark e2 
Clark e2 Dt2 
Clark e2 S 
Harosoy 
Harosoy Dt2 
Harosoy S 
Average 
8.4 
8.0 
3.8 
6.9 
6.6 
8.7 
8.9 
8.6 
7.1 
6.9 
7.9 
10.8 
7.2 
4.6 
5.3 
7.3 
2.3 
2.7 
4.6 
2.5 
2.6 
2.4 
2.8 
42.7 
37.8 
29.6 
25.8 
27.6 
34.5 
48.2 
41.8 
34.6 
28.7 
19.5 
28.1 
25.4 
4.0 
4.7 
3.0 
2.4 
3.8 
2.4 
3.4 
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T295H X Clark e2 4.2 34.2 
Clark e2 Dt2 4.7 33.7 
Clark e2 S 5.9 32.6 
Harosoy 4.8 25.5 
Harosoy Dt2 4.9 23.8 
Harosoy S 3.6 25.3 
Average 4^7 29.2 
Overall average 5.3 24.0 
(Without AX2858) (27.4) 
t In 1994, testcross seed was not produced for some parental combinations. 
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Table 3. Number of soybean testcrosses {N = 36) for which significant {P = 0.05) F1 
midparent heterosis was found. 
Trait Positive heterosis No heterosis Negative heterosis 
Maturity date 14 t t 21 1 
Lodging 2 § 34 0 
Plant height 18 1 17 1 
Grain yield 7 29 0 
Harvest index 13 20 3 
100-seed weight 3 31 2 
% Seed protein 0 34 2 
% Seed oil 5 29 2# 
t Positive heterosis indicates later maturation, and negative heterosis indicates 
earlier maturation. 
t Five lines showed high-parent heterosis. 
§ Positive heterosis for lodging indicates increased lodging. 
t Two lines showed high-parent heterosis. 
# One line showed high-parent heterosis. 
Table 4. Distribution of significant {P = 0.05) F1 midparent heterosis, and high-parent heterosis for agronomic traits 
measured on 36 soybean testcross lines. 
Pollen-parent 
Pod-parent Clark e2 Clark e2 Dt2 Clark e2 S Harosoy Harosoy Dt2 Harosoy S 
PI 384.474 -M t * § -Mai, QU1 -SdWt -EH, -SdWt. m Yld, m 
PI 416.941 Mat, L, PH.-HI PH,-HI Mat, PH m HI. Yld, HI Mat, PH 
Mat, PH Mat, L, PH 
Glenn Mat, PH PH # iH, PH PH HI -Pro 
CXI55 Mat,PH Mat,-OH Yld, HI,/V/ HI 
AG020 HI, Mat, PH HI, Mat, PH HI, Mat, YJd, HI, Yld, HI, Yld, Hi, Mat 
PH, -OH Mat, PH Mat, PH, -Pro 
T295H SdWt SdWt Hi Qii m. PH 
t Mat = maturity date, L = lodging, PH = plant height, YId = grain yield, HI = harvest index, SdWt = 100-seed 
weight. Pro = % seed protein, and Oil = % seed oil. 
t A negative (-) sign before a plant trait abbreviation denotes negative heterosis. 
§ For each testcross, desirable plant-trait heterosis (underlined) is listed before undesirable plant-trait heterosis 
(italics). 
^ Positive heterosis indicates later maturation, and negative heterosis indicates earlier maturation; positive heterosis 
for lodging indicates increased lodging. 
# Plant trait abbreviations in bold font showed significant high-parent heterosis for the testcross. High-parent 
heterosis was calculated only If significant differences between the two parents were detected. 
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Table 5. Distribution among six soybean testcrosses of traits for which significant 
(P = 0.05) F1 midparent heterosis, F2 midparent heterosis, and inbreeding 
depression were found. 
Testcross 
F1 midparent F2 midparent inbreeding 
heterosis heterosis depression 
PI 384.474 X Harosoy P/y t t YM, Hi, m. Pro, -Mat ^ 
Mat, -Pro § 
PI 416.941 X Harosoy "m. Mat, PH Mat, PH -Mat 
Glenn x Harosoy YId. PH m Mat, PH -Mat 
CXI 55 X Harosoy YId. Mat, PH Mat YId, -Mat 
AG020 X Harosoy YId. Mat, PH, -OH YM, Mat, PH, 
-sdwt, -on 
T295H x Harosoy Oil Mat, PH 
SdWt. H! 
on, -Mat, -PH # 
t Mat = maturity date, PH = plant height, YId = grain yield, HI = harvest index, 
SdWt = 100-seed weight. Pro = % seed protein, and Oil = % seed oil. 
t For each testcross, desirable plant-trait heterosis or inbreeding depression 
(underlined) is listed before undesirable plant-trait heterosis or inbreeding 
depression (italics). 
§ Positive heterosis denotes later maturation. 
^ Negative inbreeding depression for maturity date means that the F2 lines matured 
92 
later than the F1 lines. 
# Negative inbreeding depression for plant height means that the F2 lines were taller 
than the F1 lines. 
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Table 6. Three-factor (factorial) analysis of variance among F1 midparent heterosis 
values for 36 soybean testcross lines evaluated in four environments (r). 
Source of variance . Degrees of freedom Expected mean squares 
Testers 1 + ris 02-]-1 
Stem types 2 o^e + rit ©25 
Stem types x testers 2 + rl 02s7 
Pod-parent lines 5 + rts 02|_ 
Pod-parent lines x testers 5 <^^e + rs G2lj 
Pod-parent lines x stem types 10 + rt 02ls 
t 02 is the mean square of the population effects (tester, stem type, and pod-parent 
lines are considered fixed effects). 
Table 7. Significance |P=0.05) of tester, stem type, pod-parent line, and interaction effects on expression of 
agronomic-trait heterosis among 36 soybean testcross lines. 
Plant Grain Harvest 100-seed Seed Seed 
Maturity Lodging height yield index weight protein oil 
Testers NS t NS * * NS * 
Stem types * NS * NS NS NS NS * 
Stem types x testers * NS * NS * * NS * 
Pod-parent lines * * * * 
Pod-parent lines x testers NS NS NS * NS 
Pod-parent lines x stem types NS NS NS NS NS NS 
t * Significant at P = 0.05; NS = not significant at P = 0.05. 
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Table 8. Stem-type and tester main effects and interaction effects on plant height 
(cm) heterosis among 36 soybean testcross lines. 
Tester 
Stem type Clark e2 Harosoy 
Stem type 
main effects 
Normal 10.9 a t 9.0 ab 9.5 A 
Semideterminate (Dt2) 7.6 ab 0.0 c 3.8 B 
Short (S) 6.8 b 5.9 b 6.4 B 
Tester main effects 8.4/4 5.0 5 
t Means followed by the same letter in the same font are not significantly different 
(P = 0.05). 
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Table 9. Ranking of soybean pod-parent lines within tester (Clark e2 or Harosoy) 
according to grain-yield (kg ha'^) F1 midparent heterosis. 
Pod parent X Clark e2 Significance Pod parent X Harosoy Significance 
T295H 169.9 a t NS t AG020 430.9 a 
AG020 168.7 ab NS PI 416.941 339.3 ab 
PI 384.474 78.8 ab NS CXI 55 275.4 ab «-
Glenn 40.8 ab NS PI 384.474 223.2 ab 
0X155 20.8 ab NS Glenn 116.7 b NS 
PI 416.941 -137.4 b NS T295H 98.5 b NS 
t Means within tester followed by the same letter are not significantly different 
(P = 0.05). 
t * = Heterosis level is significantly different from zero (P = 0.05); NS = Heterosis 
level is not significantly different from zero (P=0.05). 
Table 10. Ranking of soybean pod-parent lines according to grain yield (kg ha"^) per se value, F1 midparent heterosis, 
and F2 midparent heterosis. 
Per se values F1 midparent heterosis F2 midparent heterosis 
AG020 3171.8 a t CXI 55 704.5 a * t PI 416.941 517.5 a * 
CXI 55 3111.0 a AG020 526.9 ab * AG020 402.8 a 
T295H 3105.5 a Glenn 418.9 ab * Glenn 360.7 a 
Glenn 2651.9 b PI 416.941 368.4 b * PI 384.474 345.2 a * 
PI 416.941 2649.9 b PI 384.474 246.7 be NS T295H 167.6 a NS 
PI 384.474 2503.1 b T295H -59.4 c NS CXI 55 131.4 a NS 
t Means within ranking followed by the same letter are not significantly different (P = 0.05). 
t * = Heterosis level is significantly different from zero {P = 0.05); NS = Heterosis 
level is not significantly different from zero (P = 0.05). 
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EFFECT OF THE Dt2 AND 5 ALLELES ON AGRONOMIC TRAITS OF SOYBEAN 
INBRED AND HYBRID GENOTYPES 
A paper to be submitted to Crop Science 
K. 8. Lewers, S.K. St. Martin, B.R. Hedges, and R.G. Palmer 
ABSTRACT 
Agronomic evaluation of hybrid soybean [Glycine max (L.) Merr.] will be useful 
for germplasm evaluation, recurrent selection, and estimating heterosis. Vegetative 
heterosis, commonly observed in soybean, could increase early lodging and pod 
abortion, reducing grain yield. Under these circumstances, expressed hybrid grain 
yield would not reflect the true potential of the hybrid as expressed in later 
generations. The Dt2 and S alleles have been shown to reduce excessive vegetative 
growth and lodging in narrow-row production of inbred soybean. The objectives of 
this research were to determine the effects of the Dt2 and S alleles on hybrid 
soybean, to assess their potential in facilitating germplasm evaluation and recurrent 
selection, and to determine if they would be desirable in commercialized hybrid 
soybean. Two sets of near-isogenic inbred lines and 14 sets of near-isogenic hybrid 
(F1) lines were agronomically evaluated to determine the effects of the Dt2 and S 
alleles on agronomic traits. The study was factorial with three factors: pollen parents 
(testers); pod parents; and stem type. A randomized complete-block design 
compared the inbred sets, and hybrid sets. Evaluations were made on replicated 
three-row plots at three locations for two years. Traits evaluated include maturity 
date, lodging, plant height, harvest index, seed yield, 100-seed weight, seed protein 
99 
content, and seed oil content. The Dt2 and S alleles hastened maturity, decreased 
plant height and lodging,and increased harvest index. The Dt2 allele decreased seed 
weight and protein content. Interaction effects of stem type and genotype were 
observed for plant height, grain yield, and harvest index. The Dt2 and S alleles affect 
agronomic traits of hybrids and inbreds similarly. The data suggest that the Dt2 and 
S alleles would not be consistently beneficial to germplasm evaluation or recurrent 
selection, but might be useful to commercialized hybrid soybean. 
INTRODUCTION 
Soybean [Glycine max (L.) Merr.] is an autogamous crop species, and 
production of hybrid seed is tedious. Production of thousands of hybrid seeds per 
parental combination for replicated multirow evaluations generally has been 
impractical. Recently, an improved method, the Cosegregation Method, for producing 
large numbers of hybrid seeds has been developed (Lewers et al., in press). The 
Cosegregation Method can be used to produce hybrid seeds for agronomic evaluation 
of the F1 generation of a testcross made to evaluate germplasm, for the evaluation 
phase of a recurrent selection program (Lewers and Palmer, unpublished), or for the 
investigation of heterosis and inbreeding depression in soybean {Lewers et al., 
unpublished). 
Vegetative heterosis has been observed commonly in soybean. Nelson and 
Bernard (1984) reported heterosis for plant height to be the most common type of 
heterosis expressed among hybrid lines. Lush vegetative growth preconditions the 
plants to early lodging which leads to pod abortion and grain yield reduction (Cooper, 
1971). Under these circumstances, testcross evaluation would not reflect the true 
genetic potential of the lines evaluated, evaluation of lines in a recurrent selection 
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program would be inaccurate decreasing realized genetic gain, and heterosis and 
inbreeding depression estimates would not represent true values. Therefore, if lush 
vegetative growth and/or lodging occurs in the F1 generation, a method to 
compensate for the associated potential grain-yield loss should be investigated. 
Lush vegetative growth and lodging also have been expected when material is 
planted in narrow rows. To reduce yield loss, researchers investigated the effects of 
the Dt2 and S alleles in inbred backgrounds. The Dt2 allele conditions 
semideterminancy (Bernard, 1972). The S allele conditions short internodes (Bernard, 
1975). Both alleles are dominant and, therefore, are expressed in the homozygous 
and heterozygous states. The effects of the Dt2 allele have been researched more 
than those of the S allele. Both the Dt2 and S alleles have been tested in genetic 
backgrounds containing the cultivars Clark and Harosoy as one of the parents. 
The Dt2 allele generally conditions earlier maturity (Bernard, 1972; Green et 
al., 1977; Wilcox, 1980), although Shannon et al. (1971) and Raymer and Bernard 
(1988) found no difference in maturity date between semideterminate and 
indeterminate types. The Dt2 allele reduces plant height (Hicks et al., 1969; Wilcox, 
1980; Chang et al., 1982; Raymer and Bernard, 1988) especially in very tall 
background genotypes (Bernard, 1972; Green et al., 1977) unless the plants were 
crowded (Bernard, 1972; Shannon et al., 1971). Lodging for semideterminate plant 
types was the same as for indeterminate plant types (Shannon et al., 1971; Raymer 
and Bernard, 1988) or reduced (Green et al., 1977); results sometimes depended on 
background genotype (Bernard, 1972; Wilcox, 1980; Chang et al., 1982) or 
environment (Hicks et al., 1969). Harvest index was not affected by the Dt2 allele 
(Shapaugh and Wilcox, 1980). The effect of the Dt2 allele on grain yield seems to 
depend on row spacing and genetic background. In narrow rows and/or in higher 
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population densities, the Dt2 allele was advantageous (Shibles and Green, 1969; 
Hicks et al., 1969) or at least not detrimental (Shannon et al., 1971). When tested in 
wider rows, the indeterminate types often, but not always (Bernard, 1972), were able 
to take advantage of the extra space better than were the semideterminate types 
(Shannon et al., 1971). Some researchers found the effect of the Dt2 allele on grain 
yield to depend on background genotype (Green et al., 1977; Wilcox, 1980; Chang et 
al., 1982; Raymer and Bernard, 1988). Seed size of semideterminate types has been 
equal to (Hicks et al., 1969; Shannon et al., 1971) or less than that of indeterminate 
types (Bernard, 1972; Green et al., 1977). Percentage seed protein also has been 
less than (Bernard, 1972) or equal to that of seed of indeterminate types (Hicks et al., 
1969). Percentage seed oil has been greater than (Bernard, 1972) or equal to that of 
seed of indeterminate types (Hicks et al, 1969). In summary, the effects of the Dt2 
allele can be inconsistent and are dependent on genetic background and 
environmental conditions. However, in several cases the effects have been favorable, 
and rarely have they been detrimental. 
The S allele reduces plant height (Bernard, 1975; Raymer and Bernard, 1988). 
Raymer and Bernard (1988) found the S allele did not affect lodging or grain yield. 
They also reported that the S allele hastened maturity slightly in the Harosoy genetic 
background but not in the Clark genetic background. 
The objectives of this research were 1) to determine the effects, on agronomic 
traits, of the semideterminate (Df2 ) and short (S ) stem types in hybrid soybean, 
and 2) to determine if either the semideterminate (Dt2 ) or short (S ) stem type 
would be agronomically desirable in commercialized hybrid soybean. 
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MATERIALS AND METHODS 
Two sets of near-isogenic inbred lines and 14 sets of near-isogenic hybrid (F1 
generation) lines were agronomically evaluated to determine the effects of the Dt2 
and S alleles on agronomic traits. The study was factorial with three factors: pollen 
parents (testers): pod parents; and stem type (dt2 dt2 s s, Dt2 s s, dt2 dt2 S ). 
A randomized complete-block design compared the inbred sets, hybrid sets, and a 
check line. Evaluations were made on replicated three-row plots at three locations for 
two years. Traits evaluated included maturity date, lodging, plant height, harvest 
index, seed yield, 100-seed weight, seed protein content, and seed oil content. 
Parental Materials 
The near-isogenic inbred lines evaluated were three near-isogenic lines each of 
'Clark' (Clark e2, Clark e2 Dt2, and Clark e2 S) and 'Harosoy' (Harosoy, Harosoy Dt2, 
and Harosoy S). These cultivars were chosen as testers for five reasons: 1) near-
isogenic lines were available for both that contained the Dt2 gene and the S gene; 2) 
they mature with Maturity Group (MG) II cultivars; 3) they are purple-flowered 
(important for production of hybrid seed); 4) their cumulative pedigrees include the 
five ancestors most widely used in cultivar development in North America (Delannay 
et al., 1983); and 5) both coefficient-of-parentage estimates (Carter et a!., 1993) and 
restriction fragment length polymorphism analyses (Shoemaker et al., 1992) indicate 
Clark and Harosoy are genetically divergent. Clark matures with MG IV cultivars, but 
the Clark e2 near-isogenic lines mature with MG II cultivars due to the presence of 
the e2 allele in the homozygous state (Bernard, 1971). Seeds of these near-isogenic 
lines were obtained from Dr. S.K. St. Martin (Ohio State University) (Clark e2 and 
Clark e2 S) and the USDA National Plant Germplasm System's active soybean 
collection through Dr. R.L. Nelson (USDA, University of Illinois). 
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Seeds of the near-isogenic hybrid lines evaluated were produced by using the 
Cosegregation Method of hybrid seed production (Lewers et al., in press). The 
Cosegregation Method utilizes close genetic linkage between the 1/1/7 locus and the 
Ms6 locus. The W1 seedlings have a purple hypocotyl; the w1 w1 seedlings have 
a green hypocotyl. The ms6 ms6 plant is male sterile and female fertile. 
Approximately 97% of the purple hypocotyl seedlings, W1 , in a line cosegregating 
for the w7 and ms6 alleles in coupling phase will be fertile, Ms6 , and can be 
removed as a pollen source at the first trifoliolate stage. Rows of pollen parent are 
planted between rows of backcross-derived cosegregating pod-parent. Hybrid seeds 
are produced by insect-mediated pol l inat ion of white-f lowered male-steri le plants (w1 
w1 ms6 ms6) in the segregating backcross-derived pollen-parent lines. 
Six near-isogenic inbred lines (Clark e2, Clark e2 Dt2, Clark e2 S, Harosoy, 
Harosoy Dt2, and Harosoy S) were used as pollen parents to produce near-isogenic 
hybrid lines with six backcross-derived lines cosegregating for the w1 and ms6 alleles 
in coupling phase and a cosegregating sibling line to T295H (the source of the ms6 
allele) (Skorupska and Palmer, 1989; Palmer and Skorupska, 1990). The backcross-
derived lines cosegregating for the w1 and ms6 alleles in coupling had been 
developed previously (Table 1). The recurrent-parent lines were PI 384.474 (from the 
former U.S.S.R.), PI 416.941 (from Japan), and four commercial lines with greater 
than 25% exotic germplasm in their pedigrees ('Glenn', 'CXI 55', 'AG020', and 
'AX2858'). These MG II lines were expected to be genetically diverse and genetically 
divergent from Clark and Harosoy. 
Production of cosegregating backcross-derived pod-parent lines 
BC4F1:2 lines derived from the lines to be evaluated (recurrent-parent lines) 
were grown at the Iowa State University soybean research site at the Isabela 
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Substation of the University of Puerto Rico near Isabels, Puerto Rico. Fertile BC4F1:2 
plants (W1 Ms6 ) were harvested individually for progeny testing of BC4F2:3 
seeds. In addition, fertile plants (1/1/7 Ms6 ) from the cosegregating T295H line 
were harvested individually for progeny testing. Progeny testing was conducted 
either in a sand bench in a glasshouse or on germination paper in a growth chamber. 
Hypocotyl color was recorded for at least two seedlings per entry to distinguish 
entries which were all w1 w1 (green hypocotyl and white flower) from entries which 
were either all W1 W1 (purple hypocotyl and purple flower) or W/ and w1 w1 
(segregating for hypocotyl and flower color). Most progeny-test entries segregating 
at the 1/1/7 locus were expected to cosegregate at the Ms6 locus. Remnant seeds of 
entries segregating for hypocotyl color were bulked within each backcross-derived 
line. Remnant seeds of entries with two purple-hypocotyl seedlings also were bulked 
within each backcross-derived line. Segregation ratios (1/1/7 ; w1 w1) for the bulk 
of entries showing only purple hypocotyls were estimated based on number of entries 
known to and expected to segregate at the 1/1/7 locus. The w1 w1 ms6 ms6 seeds 
within these bulks were the pod parents in hybrid seed production in 1993. 
These bulks were sufficient for producing enough hybrid seed for two years of 
evaluation. However, production of reserve cosegregating pod-parent lines for a 
second year of hybrid seed production was desirable. Therefore, additional fertile 
plants (1/1/7 Ms6 ) from the cosegregating T295H sibling line, and BC5F1:2 
plants (BC5F2:3 seeds) from the six backcross-derived lines were progeny tested in 
the winter of 1993-1994 at the USDA nursery near Isabela, Puerto Rico. Twenty-
four seeds per entry were planted, and each entry was evaluated for flower color and 
fertility/sterility to confirm cosegregation of the w7 and ms6 alleles. Remnant seeds 
of cosegregating entries were bulked within each backcross line and within the 
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cosegregating T295H sibling line. The w1 w1 ms6 ms6 seeds within these bulks 
were to be the pod parents, if necessary, for hybrid seed production in 1994. 
Production of pod-parent seed to use in hybrid-seed production 
The near-isogenic Clark e2 and Harosoy lines were increased at the Isabela 
Substation of the University of Puerto Rico near Isabela, Puerto Rico for use as the 
pollen parents in 1993 hybrid-seed production. Pollen-parent plants from within the 
1993 hybrid-seed production blocks were harvested and bulked for use in 1994 
hybrid-seed production. 
Production of near-isogenic hybrid-line seed 
The hybrid-seed production goal was to generate 4500 hybrid seeds per cross 
at each location. An average yield of 25 hybrid seeds per male-sterile plant was 
expected. One-thousand-two-hundred seeds, of which 300 were expected to be ms6 
ms6, from each pod-parent bulk were used at Columbus in 1993 for hybrid-seed 
production. Remaining seeds from these bulks were counted. Seeds were added 
from the bulks of entries with two purple-hypocotyl seedlings in an amount that was 
estimated (based on estimated segregation ratios) to sum to a total of 300 ms6 ms6 
seeds. These bulks were used as pod parents at Ames in 1993 hybrid-seed 
production. 
Hybrid-seed production isolation blocks were planted in 1993 near Ames and 
Columbus according to the Cosegregation Method of hybrid seed production 
described by Lewers et al. (in press). Separate isolation blocks were planted for each 
pollen parent. At Ames, natural pollinator populations were augmented with 
'Buckfast' strain (Osterlund, 1983) honey bees {Apis me/lifera L.) supplied by the 
North Central Regional Plant Introduction Station. Male-sterile plants within each 
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pod-parent by pollen-parent combination (hybrid) were harvested separately. Each 
hybrid was threshed in bulk. 
Hybrid-seed yield at Ames in 1993 was very poor due to cool overcast 
conditions during flowering. Hybrid-seed yield at Columbus in 1993 was adequate for 
two years of testing for 17 of the 42 hybrid combinations. Therefore, a second year 
of hybrid-seed production was required for the remaining 25 hybrid combinations. 
The reserve supply of T295H seeds known to cosegregate for the w1 and ms6 alleles 
and remnant BC5F2;3 seed of cosegregating entries from each of the six backcross-
derived lines were used as pollen parent in 1994 hybrid-seed production at Ames. All 
available backcross-derived seed was used to ensure production of an adequate 
quantity of hybrid seed. 
Production of parental seed for use in agronomic trials 
The near-isogenic Clark e2 and Harosoy near-isogenic lines were each bulk 
harvested from the hybrid-seed production blocks at Ames and Columbus in 1993 
and at Ames in 1994. The near-isogenic Clark e2 and Harosoy isolines were 
increased at Columbus in 1994 for use in the 1995 agronomic evaluations. 
Agronomic Trials 
In 1994, 1993 hybrid seed and near-isogenic Clark e2 and Harosoy line seed 
were planted for agronomic evaluation near Ames, Columbus, and Harrow. 
'Kenwood' (Cianzio et al., 1990), a MG II cultivar, was planted as a check line. The 
seed source for Kenwood was Ames, 1993. The supply of 1993 hybrid seed from 
Ames was small; seed for only 23 of the 42 near-isogenic hybrid lines was available. 
Each hybrid entry for which seed was in short supply was assigned randomly to 
locations and to replications within locations. 
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Plot dimensions at Ames were three 71 cm wide by 4,9 m long rows. Planting 
rate was 26 seeds m'^. Plot dimensions at Columbus were three 38 cm wide by 4.9 
m long rows. Planting rate was 20 seeds m"^. Plot dimensions at Harrow were three 
61 cm wide by 4.9 m long rows. Planting rate was 26 seeds m'^. 
White-flowered plants and purple-flowered plants in the center row of every 
plot were counted to obtain stand counts and to determine the percentage of 
pollination of male-sterile plants by fertile white-flowered siblings during the 1993 
hybrid-seed production. The percentage of white-flowered individuals in the hybrid 
seed from Ames averaged approximately 5%, while the percentage of white-flowered 
individuals in the hybrid seed from Columbus was as high as 60% (data not shown). 
Therefore, at Ames and Columbus, white-flowered plants in the center row of every 
plot were tagged at flowering for removal just prior to harvest, and at Harrow, the 
number of fertile plants and male-sterile plants in the center row were counted at 
maturity. Percentage purity was calculated for all locations, although the estimates 
for plots at Harrow were not as accurate. At Ames and Columbus, percentage purity 
was calculated as the number of purple-flowered plants divided by the total number 
of plants. At Harrow, percentage purity was calculated as the number of fertile 
plants divided by the total number of plants. 
All data were recorded from the middle row and after any male-sterile and/or 
tagged (white-flowered) plants were removed (in the first year). Maturity date was 
the date after August 31 on which 95% of the pods in the middle row were brown. 
Plant height was measured in centimeters. Lodging was a visual observation on a 1 
to 5 scale with 1 being upright, 3 being at a 45° angle, and 5 being prostrate. After 
these values were recorded, the center rows were trimmed by 30 cm on each end. 
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After end-trimming, data were taken to determine harvest index (proportion of 
the above-ground whole plant which is seed weight). This value was determined 
differently at each location, because different resources were available at each 
location. 
At Ames, for 81 cm of the center row, plants were cut just above soil level. 
Three representative plants were weighed, dried at 60° C for four days, and re-
weighed to determine percentage whole-plant moisture at harvest. The remaining 
plants were weighted and threshed. The seed was dried at 60° C for four days and 
re-weighed to determine the percentage seed moisture at harvest. Harvest index was 
calculated as seed weight at 0% moisture divided by whole plant weight at 0% 
moisture. 
At Harrow, harvest index data were measured by cutting and threshing 81 cm 
of plants in the center row. The vegetative material was collected separately from 
the seed for each plot. Both were dried to the same percentage moisture and 
weighed. Harvest index was calculated as the seed weight divided by the sum of the 
seed weight and the plant weight. 
At Columbus, harvest index data were measured by cutting the entire plot and 
bundling it. The bundle was weighed and threshed. The seed was collected. Six 
times during the day, a bundle was set aside for drying to determine percentage 
moisture of the whole plant. It was assumed that percentage moisture was affected 
more by time of day than by genotype and that percentage seed moisture was equal 
to percentage plant moisture. The six percentage moisture values were averaged to 
get a mean percentage moisture value which was used to adjust all bundle weights to 
0% moisture. The seed was weighed and dried to a uniform moisture. The seed 
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weight was adjusted to 0% moisture. Harvest index was calculated as the seed 
weight divided by the sum of the seed weight and the plant weight. 
After plant stand was determined, the remainder of the center row was 
harvested to determine seed yield. Seed was dried to a uniform moisture and 
weighed. The weight was adjusted to 13% moisture. The seed yield was adjusted 
for purity. The percentage purity for each plot had been calculated previously. The 
area of the center row of each plot was calculated by multiplying the remaining row 
length and the width between rows. Yield, grams of seed harvested per plot area, 
was calculated by dividing moisture- and purity-adjusted seed weight by the plot area 
for the center row. This value was converted to kilograms per hectare. 
The seed was cleaned and 100-seed weight was calculated as one-fifth the 
weight, adjusted to 13% moisture, of 500 seeds. After 100-seed weights were 
determined, seed was measured for percentage protein and percentage oil. The seed 
was tested by using near infrared analysis (NIR) at the USDA National Center for 
Agricultural Utilization Research in Peoria, Illinois. 
In 1995, 1993 Columbus and 1994 Ames hybrid seed, near-isogenic Clark e2 
and Harosoy line seed, and Kenwood (produced near Ames in 1994) were planted for 
agronomic evaluation near Ames and Columbus. Harrow was not included in the 
1995 agronomic trials. 
Because purity and stand were a problem the first year, an adjusted seeding 
rate was calculated for the second year based on the first year's stand and purity 
data. Many of the near-isogenic hybrid-line plots planted with Columbus 1993 seed 
were overplanted at the higher seeding rate. Shortly after germination, at the first 
trifoliolate stage, all green-hypocotyl seedlings (fertile siblings from self pollinations) 
from all three rows of each plot were removed. 
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Statistical Analysis 
Within each year-location, the stand count for the plot with the greatest stand 
was divided by two. All data were eliminated from any plot with a stand count lower 
than 50% of the greatest stand (Burmood and Fehr, 1973). In addition, all data were 
eliminated from any plot with less than 60% purity. This eliminated nearly all of the 
data from the third replication and several entries in the other two replications at 
Columbus in 1994, so data from this location were eliminated from further analyses. 
The data for AX2858 and its testcross progeny were highly variable, and several 
replications were missing, because of the difficulties (non-synchronization of 
flowering) encountered producing testcross seed (Tables 2 and 3) and to poor stands 
for both AX2858 and its testcross progeny. AX2858 and all its testcross progeny 
were eliminated from further analyses. 
Ames 1993 and Columbus 1993 seed was used in the 1994 agronomic 
evaluations, and Columbus 1993 and Ames 1994 seed was used in the 1995 
agronomic evaluations. Because three different seed sources were used, the data 
were analyzed for seed source effects (Fehr and Probst, 1971; Stutte et al., 1979). 
Two separate analyses were done. The analysis of the 1994 agronomic evaluation 
compared the effect of the Ames 1993 seed source (source 1) with that of the 
Columbus 1993 seed source (source 2). The analysis of the 1995 agronomic 
evaluation compared the effect of the Columbus 1993 seed source (source 2) with 
that of the Ames 1994 seed source (source 3). The objectives of these analyses 
were to determine if, within a year, for any agronomic trait measured, there were 
significant differences among seed sources, and if there were any genotype-by-seed-
source interaction effects. Within each year, only the genotypes for which seed from 
both seed sources were used in all locations were included in the analysis. In the first 
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analysis, genotypes were the near-isogenic Clark e2 and Harosoy lines and twelve of 
the hybrid lines. In the second analysis, genotypes were the near-isogenic Clark e2 
and Harosoy lines and six of the hybrid lines. The means of the variables (traits 
measured) were determined for each genotype-by-seed-source combination at each 
location. The means were used in the analysis of variance to determine location, 
seed-source, genotype, and seed-source-by-genotype interaction effects. Overall 
genotype and interaction effects were tested. None of the interaction effects 
approached "significance" (P < 0.05). Seed-source effects reached significance for 
three traits: maturity date, seed protein content, and seed oil content. Differences 
among seed sources for maturity date were significant in both years. Entries planted 
with seed from seed source 2 (Columbus 1993) matured later than did the entries 
planted with seed from the other two seed sources. Differences among seed sources 
for seed protein were significant in the first year. Entries planted with seed from 
seed source 2 (Columbus 1993) had a lower seed protein content than did the entries 
planted with seed from seed source 1 (Ames 1993). Differences among seed 
sources for seed oil content were significant in the second year. Entries planted with 
seed from seed source 2 (Columbus 1993) had a lower seed oil content than did the 
entries planted with seed from seed source 3 (Ames 1994). Because there were no 
seed-source-by-genotype interaction effects approaching significance for maturity, the 
maturity date, seed protein content, and seed oil content data were adjusted simply 
to account for the seed-source effect. Because two seed sources were used in each 
of the years, some isolines were represented in a replication more than once. Data 
from two plots of the same isoline in the same replication were averaged to obtain 
single values for each variable. 
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Data were combined for each year-location to obtain a single mean for each 
genotype. A three-factor analysis of variance (Table 2) was done using the year-
location means as data-points; year-locations were treated as environments. All 
factors were considered to be fixed effects. The sets of tester near-isogenic lines 
and the sets of hybrid near-isogenic lines were included in the analysis of variance; 
the check cultivar, the backcross-derived lines (pod-parents), and their recurrent 
parent lines were not included in this analysis. 
RESULTS AND DISCUSSION 
The main effects of stem type on agronomic traits are summarized in Table 3. 
Traits affected by the Dt2 allele include maturity date, plant height, lodging, harvest 
index, 100-seed weight, and seed protein content. Grain yield and seed oil content 
were not affected by the Dt2 allele. Traits affected by the S allele include maturity 
date, plant height, lodging, and harvest index. Grain yield, 100-seed weight, seed 
protein content and seed oil content were not affected by the S allele. 
Maturity date for the short (S ) stem type was later than that of the 
semideterminate (Dt2 ) stem type, but earlier than that of the normal stem type 
(Table 3). This is congruent with the findings of Bernard (1972), Green et al. (1977), 
and Wilcox (1980) with regard to the effects of semideterminancy. The interaction of 
short stem type by background genotype reported by Raymer and Bernard (1988) 
was not observed. 
Plant height was reduced in both the semideterminate {Dt2 ) and short (S ) 
stem types (Table 3), especially in Harosoy and hybrids derived from Harosoy (Table 
4). This is consistent with earlier findings (Hicks et al., 1969; Bernard, 1975; Wilcox, 
1980; Chang et al,, 1982; Raymer and Bernard, 1988). The height reduction in the 
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Harosoy genetic background was significantly greater than that in the Clark e2 
genetic background. This agrees with the findings of Bernard (1972) and Green et al. 
(1977), since Harosoy with the normal stem type is taller than Clark e2 with the 
normal stem type (Table 4). 
Lodging was reduced for the semideterminate (Dt2 ) and short (S ) stem 
types (Table 3). This is congruent with the findings of Green et al. (1977) for the 
semideterminate stem type, but not with the findings of Raymer and Bernard (1988) 
for the short stem type. The observed reduction in lodging was anticipated because 
plant height also was reduced for these stem types. 
Grain yield across all genotypes was the same for the three stem types (Tables 
3 and 5), so the anticipated association of increased grain yield with decreased 
lodging was not observed when both genetic backgrounds were considered. 
However, the effects of stem type on grain yield of Clark e2 and hybrids derived from 
Harosoy were different than the effects of stem type on Clark e2 and its hybrids 
(Table 5). For Harosoy and its hybrids, grain yield was the same for all three stem 
types. For Clark e2 and its hybrids, grain yield of the short stem type (S ) was 
greater than that of the semideterminate (Dt2 ) or normal stem type. This stem 
type by genotype interaction is consistent with the findings of other researchers 
working with inbred lines (Green et a!., 1977; Wilcox, 1980; Chang et al., 1982; 
Raymer and Bernard, 1988). The increase in grain yield for the short stem types of 
Clark e2 and its hybrids follows the anticipated association of increased grain yield 
and decreased lodging. 
Harvest index, across all genotypes, was increased in both the 
semideterminate (Dt2 ) and short (S ) stem types (Table 3). This was not 
surprising, because plant height was reduced in these stem types while grain yield 
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remained the same. This finding for the semideterminate type was unlike that of 
Schapaugh and Wilcox (1980), who found no harvest index difference between 
normal and semideterminate stem types. There was a significant interaction between 
genotype and stem type for harvest index (Table 6). Harvest index of both inbreds, 
Clark e2 and Harosoy, and several hybrids was not affected by stem type. For three 
of the hybrids (CXI 55 x Clark e2, PI 384.474 x Harosoy, Glenn x Harosoy), harvest 
index was greater in the semideterminate and short stem types. For Glenn x Clark 
e2, harvest index was reduced for the semideterminate stem type, while, for PI 
416.941 X Harosoy, harvest index was increased for the semideterminate stem type. 
Hundred-seed weight was reduced in the semideterminate (Dt2 ) stem types 
(Table 3). This is consistent with the findings of Bernard (1972) and Green et al. 
(1977). Seed protein content also was reduced in the semideterminate stem types 
(Table 3). This agrees with the findings of Bernard (1972). Seed oil content was not 
affected by stem type (Table 3). This is in accord with the findings of Hicks et al. 
(1969) but not with the findings of Bernard (1972) who found seed oil content to be 
increased in the semideterminate stem types. 
CONCLUSIONS 
The effects of the semideterminate {Dt2 ) and short (S ) stem types on 
agronomic traits are similar for hybrids and inbreds. Although researchers have 
attempted to evaluate the effects of the Dt2 and S alleles in differing genetic 
backgrounds, Clark and Harosoy near-isogenic lines or their derivatives have been 
used in all comparisons to date. Because both coefficient-of-parentage estimates 
(Carter et al., 1993) and restriction fragment length polymorphism analyses 
(Shoemaker et al., 1992) indicate Clark and Harosoy are genetically divergent, and 
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because their cumulative pedigrees include the five ancestors most widely used in 
cultivar development in North America (Delannay et al., 1983), it is likely that the 
effects of the Dt2 and S alleles observed thus far are representative of what would 
be observed in many North American cultivars. 
The Dt2 or S allele may be useful in commercialized hybrid soybean. In this 
study, the alleles appeared to hasten maturity, decrease plant height, reduce lodging, 
and increase harvest index while not negatively affecting grain yield or seed oil 
content. The short (S ) stem type did not affect 100-seed weight or seed protein 
content, but the semideterminate (Dt2 ) stem type reduced both without increasing 
seed oil content. Therefore, the S allele may prove more useful to commercialized 
hybrid soybean. 
The mechanisms behind the observed effects of the semideterminate [Dt2 ) 
and short {S ) stem types on agronomic traits are unknown. The effects of the Dt2 
and S alleles are pleiotropic and influenced by both environment and genotype, 
suggesting that these genes are part of a regulatory pathway. The Clark e2 and 
Harosoy near-isogenic lines used in this and previous studies were backcross-derived 
lines, and the possible effects of linkage drag must be considered (Young and 
Tanksley, 1989). 
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Table 1. Schedule to generate Ms6 backcross-derived soybean lines. 
Season Location Year Procedure 
1 Ames, lA 1987 Pollinate donor parent ms6 ms6 plants with 
recurrent parent to make F1. 
2 Ames, IA 1988 Pollinate F1 with recurrent parent to make 
BC1F1. 
3 Isabela, PR 1988/89 Advance BC1F1 to BC1F2. 
4 Ames, lA 1989 Pollinate BC1F2/wsfi/nsfi plants with 
recurrent parent to make BC2F1. 
5 Ames, lA 1990 Pollinate BC2F1 with recurrent parent to make 
BC3F1. 
6 Isabela, PR 1990/91 Advance BC3F1 to BC3F2. 
7 Ames, lA 1991 Pollinate BC3F2/77s6/77s6 plants with 
recurrent parent to make BC4F1. 
8 Ames, lA 1992 Pollinate BC4F1 with recurrent parent to make 
BC5F1. 
9 Isabela, PR 1992/93 Advance BC5F1 to BC5F2. 
10 Ames, lA 1993 Pollinate BC5F2 ms6 ms6 plants with 
recurrent parent to make BC6F1. 
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11 Ames, lA 1994 Pollinate BC6F1 with recurrent parent to make 
BC7F1 with donor-parent cytoplasm. 
Pollinate recurrent parent with BC6F1 to make 
BC7F1 with recurrent-parent cytoplasm. 
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Table 2. Three-factor (factorial) analysis of variance to determine the effects of the 
Dt2 and 5 alleles in soybean inbred and hybrid lines. 
Source of variance Degrees of freedom Expected mean squares 
Environments 3 o2g + Its 02^ t 
Genotypes (treatments) 41 a2e + e 02q 
Testers 1 ®^e + els 02j 
Stem types 2 + elt 02s 
Stem types x testers 2 + el 
Lines 6 + ets 02|_ 
Lines x testers 6 + es 02|_-j-
Lines x stem types 12 + et 02|_s 
Lines x testers x stem types 12 + e 02lts 
Error 123 
Total 167 
t 02 is the mean square of the population effects (tester, stem type, and 
lines are considered fixed effects). 
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Table 3. Main agronomic effects of the Dt2 and S alleles across inbred and hybrid 
soybean lines. 
Stem type 
Trait Normal Semideterminate (Dt2) Short (S) Trait mean 
Maturity date 
(Sept.) 22.0 c t 20.3 a 20.9 b 21.0 
Plant height (cm) 107.8 b 96.6 a 97.4 a 100.6 
Lodging 2.5 b 2.4 a 2.3 a 2.4 
Grain yield 
(kg ha""') 3163.9 a 3168.4 a 3192.8 a 3175.1 
Harvest index 46.5 a 48.2 b 48.4 b 47.8 
100-seed 
weight (g) 18.3 b 17.5 a 18.2 b 18.0 
% seed protein 42.2 b 41.9 a 42.1 b 42.1 
% seed oil 19.8 a 19.8 a 19.7 a 19.8 
t Agronomic trait means followed by the same letter are not significantly different 
(P = 0.05). 
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Table 4. Plant height (cm) main effects and interaction effects of the Dt2 and S 
alleles across inbred and hybrid soybean lines. 
Tester 
Stem type Clark e2 Harosoy Stem type means 
Normal 105.8 b t 109.9 a 107.8 A 
Semideterminate (Dt2) 97.1 cd 96.1 d 96.6 B 
Short (S) 99.7 c 95.2 d 97.4 B 
Tester means 100.8 A 100.4^4 100.6 
t Means followed by the same letter in the same font are not statistically different 
(P = 0.05). 
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Table 5. Grain yield (kg ha'"') main effects and interaction effects of the Dt2 and S 
alleles across inbred and hybrid soybean lines. 
Stem type 
Tester 
Clark e2 Harosoy Stem type means 
Normal 
Semideterminate (Dt2) 
Short (S) 
Tester means 
3046.1 a t 
3068.1 ab 
3223.0 c 
3112.4/4 
3281.8 c 
3268.7 c 
3162.6 be 
3237.7 B 
3163.9 A 
3168.4 A 
3192.8 A 
3175.1 
t Means followed by the same letter in the same font are not statistically different 
(P=0.05). 
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Table 6. Harvest index main effects and interaction effects of the Dt2 and S 
alleles across inbred and hybrid soybean lines. 
Tester 
Pod parent Stem type Clark e2 Harosoy 
Inbreds 
% % 
Normal 47.7 a t 48.1 a 
Semideterminate (Dt2) 49.5 a 47.8 a 
Short IS) 49.3 a 50.5 a 
Hybrids 
PI 384.474 t Normal 46.3 a 45.9 a 
Semideterminate lDt2) 48.6 a 51.1 b 
Short IS) 47.8 a 50.3 b 
PI 416.941 Normal 45.3 a 43.9 a 
Semideterminate (Dt2} 43.1 a 48.8 b 
Short (S) 43.7 a 45.1 a 
Glenn Normal 48.4 b 45.6 a 
Semideterminate (Dt2} 43.8 a 51.4 b 
Short (S) 48.3 b 49.2 b 
CXI 55 Normal 43.5 a 48.1 a 
Semideterminate (Dt2) 50.2 b 47.3 a 
Short (S) 48.8 b 50.7 a 
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AG020 Normal 47.2 a 49.7 a 
Semideterminate (Dt2) 47.0 a 50.3 a 
Short (S) 46.3 a 50.2 a 
T295H Normal 45.2 a 49.1 a 
Semideterminate (Dt2] 47.0 a 49.2 a 
Short (S) 47.8 a 49.8 a 
t Within podparent by tester combination, stem type means followed by the same 
letter are not different (P = 0.05). 
t All pod parents cosegregate for the ms6 and w1 alleles in coupling phase. 
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SOYBEAN RECURRENT SELECTION FACILITATED BY NUCLEAR MALE STERILITY 
AND ASSOCIATED MORPHOLOGICAL MARKERS 
A paper to be submitted to Crop Science 
K.S. Lewers and R.G. Palmer 
ABSTRACT 
Recurrent selection is a cyclical method of population improvement which 
increases the frequency of desirable alleles and allele combinations within the 
population for quantitatively inherited traits. Recurrent selection can be used to 
enhance populations of either adapted or exotic germplasm. Populations and lines 
derived from recurrent selection are important direct or indirect sources of improved 
cultivars for many crops including soybean [Glycine max (L.) Merr.]. The cycle 
consists of three steps: evaluating, selecting, and intermating. Intermating has been 
accomplished by manual pollination and by insect-mediated pollination of male-sterile 
plants. Insect-mediated intermating is desirable because soybean is an autogamous 
crop species, and manual production of hybrid seed is tedious and time consuming. 
When male-sterility is used to facilitate intermating, nonrandom intermating can 
occur, and evaluation is made difficult by the presence of male-sterile plants in the 
evaluation plots. An efficient system for producing hybrid soybean seed has been 
developed which utilizes the closely linked loci, Ms6 and W1. Ms6 plants are 
fertile, and ms6 ms6 plants are male sterile; W1 plants have purple hypocotyls and 
flowers, and w1 w1 plants have green hypocotyls and white flowers. This system 
has the additional benefits of allowing elimination, shortly after emergence, of male-
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sterile plants from evaluation plots, and allowing greater control of parental 
contributions during intermating. SI and half-sib recurrent-selection methods are 
described. Although S1 recurrent selection is likely to be more widely used, half-sib 
recurrent selection with an inbred line as a tester would be useful to those interested 
in incorporating exotic germplasm into existing cultivar development programs. 
INTRODUCTION 
Recurrent selection is a cyclical method of population improvement which 
increases the frequency of desirable alleles and allele combinations within the 
population for one or more quantitatively inherited traits. The cycle consists of three 
steps: evaluating, selecting, and intermating. Recurrent selection can be used to 
increase yield, alter seed or plant quality, increase pest resistance, and improve 
tolerance to the environment. Recurrent selection also can be used to adapt exotic 
germplasm in order to increase crop genetic diversity and maintain long-term genetic 
gain for important agronomic traits. Populations and lines derived from recurrent 
selection are important direct or indirect sources of improved cultivars for many crops 
(Hallauer, 1985) including soybean [Glycine max (L.) Merr.] (reviewed by Burton, 
1987). Examples of recurrent selection for soybean improvement are given in Table 
1. 
Parental lines used to create the initial population can be adapted or exotic, 
and can be selected either by per se or by testcross evaluation. Per se evaluation 
followed by testcross evaluation was recommended by Kenworthy (1980) for 
selecting germplasm to be used to increase genetic diversity of an existing cultivar-
development program. Kenworthy (1980) suggested making a topcross (testcross) to 
evaluate lines genotypically. Production of enough testcross (hybrid) seed to use in 
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agronomic evaluations generally has not been feasible. Soybean is an autogamous 
crop species, and manual production of hybrid seed is tedious and time consuming. 
Therefore, parental line evaluation for recurrent selection has heretofore been limited 
to per se evaluation. 
Intermating has been accomplished by manual pollination or by insect-
mediated pollination of male-sterile plants. Both the msl (Brim and Young, 1971) and 
the ms2 {Bernard and Cremeens, 1975; Graybosch et al., 1984) male-sterility alleles 
have been utilized (Table 1). When male-sterility is used to facilitate intermating, 
unequal intermating can occur (St. Martin and Ehounou, 1989; Lewers et al. 
unpublished), reducing the effective population size and resulting in loss of nuclear 
alleles (Graef et al., 1991). In addition, loss of cytoplasmic diversity in a recurrent-
selection population segregating for male-sterility has been reported (Lee et al., 1992; 
Lee et al., 1994). Brim and Stuber (1973) suggested gridding of the intermating 
block as a compensatory sampling scheme to be used when harvesting male-sterile 
plants. Because nonsynchronization of flowering (St. Martin and Ehounou, 1989; 
Lewers et al. unpublished) is partly responsible for the unequal intermating, additional 
methods of managing parental contributions would be beneficial. 
When Brim and Stuber (1973) outlined the use of male sterility for recurrent 
selection, they anticipated that, for some agronomic traits, selection would be 
ineffective if evaluations were made on plots containing male-sterile plants. Fehr and 
Ortiz (1975) stated that, for yield improvement, greater replication may be required to 
compensate for increased error due to variation among plots for the percentage of 
male-sterile plants in a plot. Nelson (1987) determined that the presence of male-
sterile plants in agronomic evaluation plots complicated selection, and that none of 
the four statistical procedures tested could eliminate the effect of male-sterile 
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segregation. By evaluating plots containing male-sterile plants. Burton et al. (1990) 
were able to achieve significant gain in yield for one population, but not in a second 
population of less genetically-diverse composition. Brim and Stuber (1973) suggested 
that additional generations per cycle may be required to evaluate all-fertile lines. St. 
Martin (1981) suggested advancing the F2 generation to the F2:3 generation and 
progeny testing to identify all-fertile lines for evaluation. The disadvantages are 
decreased genetic gain per cycle, increased number of seasons required per cycle, 
and increased expense of progeny testing. The presence of male-sterile plants in 
evaluation plots continues to be a concern. 
Use of the Cosegregation Method of hybrid-seed production (Lewers et al., in 
press) could facilitate recurrent selection in several ways. This method utilizes close 
genetic linkage, ranging from 2 to 4% recombination, of the Ms6 and W1 loci 
(Skorupska and Palmer, 1989; Lewers and Palmer, 1993), to differentiate between 
male-fertile and male-sterile plants at the first trifoliolate stage. The Ms6 locus 
affects pollen production (Skorupska and Palmer, 1989). Ms6 plants are fertile; 
ms6 ms6 plants are female fertile but completely male sterile due to tapetal 
malfunction (Skorupska and Palmer, 1989). The W1 locus Is involved in anthocyanin 
pigment production. W1 plants have purple hypocotyls and flowers; w1 w1 plants 
have green hypocotyls and white flowers. In a line segregating for the w7 and ms6 
alleles in coupling phase, more than 92% of green-hypocotyl seedlings are expected 
to be male sterile; approximately 97% of the purple-hypocotyl seedlings, W1 , will 
be fertile, Ms6 . Lewers et al. (in press) found that the Cosegregation Method 
greatly facilitated hybrid seed production. 
The objective of this paper is to demonstrate how the Cosegregation Method 
of hybrid seed production can be used to augment recurrent selection. Specifically, 
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this paper will discuss testcross selection of parental material, elimination of male-
sterile plants from evaluation plots, and greater control of pod-parent contributions 
during intermating. 
PROCEDURE 
Parental Selection 
The parental selection method chosen depends on the trait of interest and on 
the type and purpose of the recurrent selection program. For most situations, per se 
evaluation is sufficient. However, if the goal is to identify germplasm with novel 
alleles for a trait of interest, testcross evaluation, as suggested by Kenworthy (1980), 
is more appropriate. 
Testcross evaluation of a quantitatively inherited trait requires the production 
of hundreds or thousands of testcross seeds for replicated trials. If the goal is to 
identify lines with alleles not present in the breeder's cultivar development program, 
the tester should be an elite adapted line representing the genetic base or pedigree of 
the program (Kenworthy, 1980). Lewers et al. (unpublished) describe use of the 
Cosegregation Method for producing and evaluating testcross seed. Producing 
testcross seed by using the Cosegregation Method requires that the tester be a line 
with the w1 and ms6 alleles in coupling phase. For greatest efficiency, the tester 
should be the pod parent, and the lines to be evaluated should be the pollen parents. 
A separate isolation block is required for each pollen parent (Lewers et al., 
unpublished). The tester is planted in rows alternating with rows of the pollen-parent 
(Lewers et al., in press). Border rows of the pollen parent and 15m of bare ground 
surrounding the isolation blocks reduces pollination from other pollen-parent lines. 
The tester is overplanted, and, shortly after germination, purple-hypocotyl seedlings 
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are rogued from the tester rows to eliminate the fertile siblings, a source of pollen 
contamination. At maturity, male-sterile plants from the tester rows of each isolation 
block are bulk harvested separately from those of other isolation blocks. 
Testcrosses (F1 generation) are evaluated in replicated agronomic trials with 
the parents. Pollen parents of testcross entries showing significant heterosis are 
assumed to have novel genes for the trait of interest (Gerloff and Smith, 1988a; 
Gerloff and Smith, 1988b; St. Martin et al., 1996; Lewers et al., unpublished). These 
entries are selected to form the initial population, the Cycle 0 (CO) population. 
Formation of the Cycle 0 Population 
Once the parents are selected, a backcrossing program develops near-isogenic 
lines (of the parents) which cosegregate for flower color and male sterility. The 
procedure (Table 2) is routine if the chosen parental line is purple-flowered, Wl W1. 
The donor parent genotype is Ms6 ms6 wl wl or ms6 ms6 wl wl, the recurrent 
parent would be the selected parental line, and the gene block of transfer would be 
ms6w1. Progeny testing ensures cosegregation. 
Concurrent transfer (Table 2) of the t allele [grey (tt) vs. tawny (7 ) 
pubescence] (Palmer and Kilen, 1987) is not necessary but reduces the progeny 
testing necessary to maintain cosegregation of the w7 and ms6 alleles. Alleles at the 
W l ,  T ,  and R [black (R ) or brown (rr) seed coat] loci have pleiotropic effects on 
hilum color (Palmer and Kilen, 1987). Because hilum tissue is maternal, hilum color is 
determined by the genotype of the pod-parent. A pod-parent line with the genotype 
Ms6 Wl t t R R  will cosegregate for male-sterility, flower color, and hilum color 
(Table 3). In this case, depending on the genotype at the / locus (distribution of seed 
coat and hilum pigment) (Palmer and Kilen, 1987), seeds of fertile purple-flowered 
plants will have grey or imperfect black hila, and hybrid seeds of male-sterile, white-
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flowered plants will have yellow or buff hila, respectively (Table 3). Concurrent 
transfer of the t allele is recommended to reduce progeny testing. The donor parent 
genotype is Ms6 ms6 w1 w1 tt, or ms6 ms6 w1 w1 t. 
If the selected parental line is white flowered, Ms6 Ms6 w1 w1, the genes of 
transfer are ms6, W1, and t. The donor line genotype is Ms6 W1 W1 11. The 
ms6 and W1 alleles are transferred independently and simultaneously to obtain a 
white-flowered near-isogenic line segregating for male sterility {Ms6 w1 w1 11) 
and a purple-flowered near-isogenic line [Ms6 Ms6 W1 W1 11). A male-sterile plant 
(ms6w1 ms6w1 11) from the white-flowered near-isogenic line is pollinated with 
pollen from the purple-flowered near-isogenic line (Ms6W1 MsSWI t f). The F1 
seeds are advanced to the F2;3 generation and are progeny tested. BCF2:3 lines 
which cosegregate for the ms6 and w1 alleles in coupling phase are selected. 
Once the desired level of backcrossing has been accomplished, a similar 
amount of BCF2:3 seeds (1 Ms6W1 Ms6W1 11: 2 Ms6W1 ms6w1 f ? : 1 ms6w1 
ms6w1 11) from each selected parent is combined for open intermating in a single 
isolation block. Male-sterile plants are harvested individually. Hilum color of seeds 
from each plant is checked to confirm that the male-sterile plants are w1 w1. Hybrid 
seed from the male-sterile plants segregate in a ratio of 2 Ms6W1 ms6w1 f ? : 1 
ms6w1 ms6w1 11. A similar amount of hybrid seeds from each male-sterile plant is 
combined, and the bulk is planted in isolation and allowed to intermate again. Male-
sterile plants are harvested individually. Hilum color of seeds from each plant is 
checked to confirm that the male-sterile plants are w1 w1. Hybrid seed from the 
male-sterile plants segregate in a ratio of 1 Ms6W1 ms6w1 f f : 1 ms6w1 ms6w1 11. 
A similar amount of seeds from each male-sterile plant is bulked. Intermating is 
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repeated until the desired level of intermating is achieved. The CO population 
segregates 1 Ms6W1 ms6w111: 1 ms6w1 ms6w1 11. 
If the t allele is not used, progeny testing to ensure cosegregation is required 
after the desired level of intermating has been achieved. F1 seeds from the male-
sterile plants are advanced to the F2 generation, and the F1:2 generation is progeny 
tested. A similar amount of remnant F1:2 seed confirmed cosegregating (1 Ms6W1 
Ms6 W1 : 2 Ms6W1 ms6w1 ; 1 ms6w1 ms6w1) is bulked to form the CO population. 
Use of the Cosegregation Method during CO formation can reduce the unequal 
intermating that can occur due to 1) lack of synchronization of flowering (St. Martin 
and Ehounou, 1989; Lewers et al., unpublished), 2) variation among parental lines for 
adaptation, and/or 3) variation among the parental lines for attractiveness to 
pollinators. This alternative intermating method requires maintenance of pod-parent 
identity and equalizes pod-parent contributions. Within parental line, fertile plants of 
BCF2:3 entries confirmed cosegregating (1 Ms6W1 Ms6 W1 11: 2 Ms6W1 ms6w1 t 
t: 1 ms6w1 ms6w1 11) are bulk harvested and advanced to the F2:4 generation. 
Fertile plants within each parental line are bulk harvested, and the progeny will 
segregate 3 Ms6W1 Ms6 W1 tt:2 Ms6W1 ms6w1 tti'l ms6w1 ms6w1 11. A 
portion of each parental-line bulk is reserved for use as pod-parent in intermating. 
Equal quantities of seeds from the remnant parental-line bulks are blended and used 
as pollen parent in intermating. Each pod-parent (3 Ms6W1 Ms6 W1 11: 2 Ms6W1 
ms6w1 11: ^ ms6w1 ms6w1 11) is planted with its identity maintained. The pod-
parent lines are overplanted and, shortly after emergence, purple-hypocotyl seedlings 
a r e  r o g u e d  t o  p r e v e n t  s i b - m a t i n g s .  T h e  p o l l e n - p a r e n t  b l e n d  ( 3  M s 6 W 1  M s 6  W 1  1 1 :  2  
Ms6W1 ms6w1 f f : 1 ms6w1 ms6w1 11) is interplanted in rows among the pod-
parent rows. Male-sterile plants are harvested. Hilum color of seeds from each plant 
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is checked to confirm that the male-sterile plants are w1 w1. Hybrid seeds from each 
pod-parent row are bulked separately from that of the other pod-parent rows. Equal 
quantities of seed from each pod-parent are blended together {4 Ms6W1 ms6w1 11 : 
1 ms6w1 ms6w1 t f). Fertile plants (Ms6W1 ms6w1 11] are harvested and bulked 
within each pod-parent. Hilum color of seeds from each plant is checked to confirm 
that the fertile plants are \N1\N1. A portion of each parental-line bulk is reserved to 
be used as pod-parent in intermating. Equal quantities of seeds from the remnant 
parental-line bulks are blended and used as pollen parent in intermating. Intermating 
is executed as before, maintaining pod-parent identification and equalizing pod-parent 
contributions, and is repeated until the desired number of intermatings has been 
achieved. The CO population produced with this intermating alternative segregates 1 
Ms6\N1 ms6w1 11: 1 ms6w1 ms6w1 11. 
S1 Recurrent Selection 
Season 1, growing new population-. The CO to Cn population cosegregating 
for hypocotyl color and male sterility is grown and fertile plants are harvested 
individually. Hilum color of seeds from each plant is checked to confirm that the 
plants are W1 . The genotype of most of these plants is Ms6W1ms6w1 11; other 
genotypes will occur due to recombination. 
Season 2, evaluating-. S0:1 lines (1 /Wsfil/1/7 l\/ls6W1 : 2 Ms6W1 ms6w1 : 1 
ms6w1 ms6w1) are planted for evaluation. All lines are planted at 4/3 the desired 
planting rate. Shortly after emergence, lines from MsSW/ ms6w1 11 plants are 
identified because they segregate for hypocotyl color <3 purple to 1 green); lines not 
segregating for hypocotyl color are eliminated. Green-hypocotyl seedlings are rogued 
from these segregating lines; most of the green-hypocotyl plants also will be male 
sterile (ms6 ms6). Nearly ail the male-sterile plants are eliminated from the 
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evaluations, and flower-color segregation is confirmed. Remaining segregating lines 
are evaluated for agronomic traits of interest. Any of these lines found segregating 
for male sterility are eliminated from the trials. Unless the evaluation-plot rows are 
short (hill plots), some green-hypocotyl plants can be left in each end of the row and 
tagged; these plants can be confirmed male sterile at maturity to ensure 
cosegregation before end-trimming. Alternatively, some evaluation environments 
allow transplanting the green-hypocotyl seedlings to be classified at maturity to 
confirm male sterility and cosegregation. Superior lines are selected. 
Season 3, open intermating: An equal quantity of remnant SI seed (reserved 
in season 1) for each selected line or seed from evaluation plots of selected lines is 
bulked. The seed bulk is grown in isolation and allowed to intermate. If remnant 
seed is used, the plants segregate in the ratio 1 Ms6W7 Ms6W7 tt:2 Ms6W1 
ms6w1 ms6w1 ms6w1 11. If evaluation plot seed is used, the plants 
segregate 3 MsSWI Ms6W1 tt:2 Ms6WJ ms6w1 11: ^ ms6w1 ms6w1 11. The 
male-sterile plants are harvested individually. Hilum color of seeds from each plant is 
examined to confirm that the male-sterile plants are w1 w1. An equal quantity of 
seed from each male-sterile plant is bulked to form the population for the next cycle. 
This population (CI to Cn) will segregate 2 Ms6W1 ms6w1 11: ^ ms6w1 ms6w1 11 
i f  r e m n a n t  s e e d  i s  u s e d  t o  i n t e r m a t e ,  o r  i t  w i l l  s e g r e g a t e  4  M s 6 W 7  m s 6 w 1  t t : ^  
ms6w1 ms6w1 f ? if evaluation plot seed is used to intermate. 
Season 3, alternative intermating method which equalizes pod-parent 
contributions: A portion of each selected-line bulk from the evaluation plots is 
r e s e r v e d  f o r  u s e  a s  p o d - p a r e n t  ( 3  M s 6 W 1  M s 6 W 1  1 1 :  2  M s 6 W 1  m s 6 w 1  1 1 :  ^  
ms6w1 ms6w1 11) for intermating. Equal quantities of seeds from the selected-line 
bulks are blended together across parental lines and used as pollen parent (3 l\/ls6W1 
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Ms6W1 tt: 2 Ms6W7 ms6w1 11: ^ ms6w1 ms6w1 11) in intermating. Each pod-
parent (3 Ms6W7 Ms6Wt 11: 2 Ms6WJ ms6w1 tt:^ ms6w1 ms6w1 11) is 
planted with its identity maintained. The pod-parent lines are overplanted and purple-
hypocotyl seedlings (fertile siblings) are rogued to prevent sib-matings. The pollen 
parent blend (3 Ms6W1 Ms6W1 11: 2 Ms6W7 ms6w1 11: 1 ms6w1 ms6w1 11) is 
interplanted in rows among the pod-parent rows. Male-sterile plants are harvested 
from pod-parent rows. Hilum color of seeds from each plant is checked to confirm 
that the male-sterile plants are w1 w1. Hybrid seed from each pod-parent row is 
bulked separately from that of the other pod-parent rows. Equal quantities of seed 
from each pod-parent are blended together to form the population (4 Ms6W1 ms6w1 
f f : 1 ms6w1 ms6w1 11) for the next cycle (CI to Cn). 
Half-Sib Recurrent Selection 
Half-sib recurrent selection using the population as tester is conducted in a 
manner similar to 81 recurrent selection. Exceptions are that 1) in season 1, male-
sterile plants instead of fertile plants are harvested, and the hila color of seeds from 
each male-sterile plant are checked to confirm that the plant is w1 w1 instead of W1 
; 2) in season 2,  half-sib families (seed of each male-sterile plant) instead of 80:1 
lines (seed of each fertile plant) are evaluated, and evaluation plots are planted at 
twice instead of 4/3 the normal seeding rate; 3) with the alternative intermating in 
which pod-parent contributions are equalized, parental lines segregate 1 MsSWI 
Ms6W1 11: 2 Ms6W1 ms6w1 f f : 1 ms6w1 ms6w1 11 instead of 3 MsSWI 
Ms6W1 11: 2 Ms6W1 ms6w1 f ? : 1 ms6w1 ms6w1 11, so the season 1 population 
(CI to Cn) segregates 2 Ms6W1 ms6w1 tt \ ^ ms6w1 ms6w1 11 instead of 4 
Ms6W1 ms6w1 11: ^ ms6w1 ms6w1 11. 
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Half-sib recurrent selection using an inbred line as tester 
Season 1, growing the new population: The CO population cosegregating for 
hypocotyl color and male sterility is grown and male-fertile plants are harvested 
individually. Hilum color of seeds from each plant is checked to confirm that the 
plants are W1 . The genotype of most of these plants is Ms6W1 ms6w1 t f; other 
genotypes will occur due to recombination. A portion of the seed (1 Ms6W1 Ms6W1 
11: 2 Ms6W1 ms6w1 f f : 1 Ms6W1 ms6w1 11) is used as pod parent to produce 
testcross seed, and a portion is increased and used in evaluation and to intercross 
selected lines in season 4. 
Season 2, producing testcross seed: Testcross seed is produced by using as 
tester the original elite adapted line (from which the cosegregating evaluation line was 
derived). The tester is used this time as pollen parent. The pod-parent lines (1 
Ms6W1 l\4s6W1 tt: 2 Ms6W1 ms6w1 11: ^ ms6w1 ms6w1 11) are planted in rows 
alternating with rows of the tester in a single isolation block. The pod-parent lines 
are overplanted and, shortly after emergence, purple-hypocotyl seedlings are rogued 
to eliminate the fertile siblings, a source of pollen contamination. Border rows of the 
pollen-parent line (tester) and a 15m bare-ground barrier around the testcross 
production block reduces unwanted pollen (Lewers et al., in press; Lewers et a!., 
unpublished). 
Meanwhile, the portion of the seed retained for intermating (1 Ms6W1 Ms6W1 
11: 2 Ms6W1 ms6w1 tt: ^  ms6w1 ms6w7 11) is grown for increase. Fertile plants 
are harvested individually within each pod-parent line. Hilum color of seeds from 
each plant is checked to confirm that the fertile plants are W7 . Seeds of W1 
plants are blended and will segregate 3 Ms6W1 i\/Is6W1 11: 2 Ms6W1 ms6w1 11: ^ 
ms6w1 ms6w1 11. 
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Season 3, evaluating: Testcross entries (hybrid or F1 seed) are evaluated in 
replicated trials with the parents. The tester is the pollen parent. Pod parents are 
e v a l u a t e d  b y  u s i n g  s o m e  o f  t h e  s e e d  i n c r e a s e  b l e n d  ( 3  M s 6 W 1  M s 6 W 1  t t : 2  
Ms6W1 ms6w1 f f : 1 ms6w1 ms6w1 11). The pod-parent entries are overplanted 
by 6/5 and green-hypocotyl seedlings are rogued from the plots shortly after 
germination to eliminate male-sterile plants; these plots also may require thinning. 
Pod-parents of testcrosses showing significant F1 heterosis should have novel genes 
for the trait of interest (Gerloff and Smith, 1988a; Gerloff and Smith, 1988b; Lewers 
et al., unpublished). These pod-parent lines are selected to form the new population 
for the next cycle. 
Season 4, open intermating: Equal quantities of seed from the selected-line 
seed-increase bulks (3 Ms6W1 Ms6W7 11: 2 Ms6W1 ms6w1 f f : 1 ms6w1 ms6w1 
11) are blended together for open intermating. The male-sterile plants are harvested 
individually. Hilum color of seeds from each plant is examined to confirm that the 
male-sterile plants are w1 w1. An equal quantity of seed from each plant is bulked to 
form the population for the next cycle. The new population (CI to Cn) will segregate 
4 Ms6W1 msSwl f f : 1 ms6w1 ms6w1 11. 
Season 4, alternative intermating method which equalizes pod-parent 
contributions: Equal quantities of seed from the selected-line seed-increase bulks are 
reserved as pod-parent (3 Ms6W1 MsSWI 11: 2 Ms6W1 ms6w1 f f : 1 ms6w1 
msSwl 11) for intermating. Equal quantities of remaining seed from the bulks are 
blended together to be used as pollen parent during intermating. Each pod-parent (3 
Ms6W1 Ms6W1 tt:2 Ms6W1 ms6w1 11: ^ ms6w1 ms6w1 11) is planted with its 
identity maintained. The pod-parent lines are overplanted and purple-hypocotyl 
seedlings (fertile siblings) are rogued to prevent sib-matings. The pollen-parent blend 
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(3 Ms6W1 Ms6W1 tt: 2 Ms6W7 ms6w1 f f : 1 ms6w1 ms6w1 11) is interplanted 
in rows among the pod-parent rows. Male-sterile plants are harvested. Hilum color 
of seeds from each plant is checked to confirm that the male-sterile plants are w1 
w1. Hybrid seed from each pod-parent row is bulked separately from that of the 
other pod-parent rows. Equal quantities from each pod-parent are blended together to 
form the population (4 Ms6W1 ms6w1 f f: 1 ms6w1 ms6w1 11) for the next cycle 
(CI to Cn). 
GENERAL CONSIDERATIONS 
Recurrent-selection methods which are facilitated by the Cosegregation 
Method of hybrid seed production have been described. 81 recurrent selection has 
been used successfully (Table 1) and should continue to receive wide usage. Half-sib 
recurrent selection has not been used for soybean improvement. When the goal is to 
identify and enhance germplasm with novel alleles for the trait of interest, half-sib 
recurrent selection using an inbred line as a tester is most appropriate (Kenworthy, 
1980; Simmonds, 1993). Half-sib recurrent selection using the population as tester is 
probably the least useful of the methods described herein, because of the low genetic 
gain per cycle. Expected genetic-gain equations for each method described are given 
in Table 4 (A.H. Hallauer, personal communication). 
The expected genetic gain per cycle of 81 recurrent selection is higher than 
that of half-sib recurrent selection (Table 4). Fehr and Ortiz (1975) reported that, 
although expected genetic gain per cycle of 81 recurrent selection is the same 
regardless of whether male-sterility is used to facilitate intermating, expected genetic 
gain per year when using male-sterility is half that when not using male sterility. This 
primarily was because the only method available to eliminate male-sterile plants from 
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evaluation plots was to use two additional seasons to increase SI individuals and 
progeny test SI :2 lines (to find SI :2 lines not segregating for male sterility) before 
the evaluation season. When using the Cosegregation Method to facilitate open 
intermating, these additional seasons are not required. 
Fehr and Ortiz (1975) assumed that the intermating season and the season to 
grow the SO population could be conducted in an off-season environment. While 
some breeders have available off-season facilities for growing the SO population and 
for progeny testing, few breeders would have available off-season intermating 
facilities and personnel for conventional (without using male sterility) SI recurrent 
selection procedures. This is especially true if more than 10 lines (Fehr and Ortiz, 
1975) are to be intermated per cycle. 
Intermating 10 lines per cycle in maize (Zea mays L.) populations resulted in 
significant genetic drift (Smith, 1983). Hallauer (1985) recommended intermating a 
minimum of 20 to 30 lines (10% selection intensity) and cited Baker and Curnow 
(1969) who concluded that recombination of 30 to 45 individuals (10% selection 
intensity) would provide both short- and long-term response to selection. Intermating 
20 to 45 lines per cycle using the Cosegregation Method of hybrid seed production 
would be more efficient than intermating by using manual cross pollination. 
Insect-mediated intermating in an off-season nursery, while desirable, may be 
impractical. Palmer et al. (1983) reported significantly fewer seeds per male-sterile 
plant grown in Puerto Rico as compared with those grown in Iowa. Local insect 
populations were used at both locations. The cause of the lower seed set at Puerto 
Rico was attributed to controlled photoperiod, shorter flowering period, and (or) the 
heavy use of insecticides. Seed set on male-sterile plants grown in other potential 
off-season environments has not been reported. 
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Relative success of recurrent-selection methods using male sterility depends in 
part on the number of seeds that are born on a male-sterile plant. Carter et al. (1986) 
reported seed set on male-sterile plants to be as high as 80% of that of fertile plants 
grown in North Carolina. Graybosch and Palmer (1988) reported average seed set on 
male-sterile plants grown in Missouri to be as high as 199 seeds per plant. Palmer et 
al. (1983) reported seed set in Iowa to range from 0 to 75 seeds per male-sterile 
plant, and in Puerto Rico, seed set ranged from 0 to 40 seed per male-sterile plant. 
Lewers et al. (in press) reported that seed set, when using the Cosegregation Method 
in Iowa, averaged (across three replications) 42 seeds per male-sterile plant. 
The isolation blocks required for the intermating phase and any other phases in 
which male-sterile plants are harvested must be large enough to attract insect 
pollinators. Little is known about how large these plots must be. Jaycox (1970) 
reported that bees were not attracted to small plots. Near Ames, Iowa, plots with 
the dimensions 7.3 m x 7.3 m were ignored by honey bees {Apis melifera) whose 
hives were placed in the center of the plots, and seed set on male-sterile plants was 
no greater than that of male-sterile plants grown several hundred meters away (data 
not shown). Plots (near Ames, Iowa) with the dimensions 26 m x 29 m yielded from 
14 to 42 seeds per male-sterile plant (averaged across three replications) depending 
on the production method (Lewers et al., in press). 
If remnant seed is used to intermate, the intermating block may not be large 
enough to attract insect pollinators. Intermating in cages may be a practical option, 
depending on available resources. Nelson and Bernard (1984) found hybrid seed 
production with honey bees in cages to be unsatisfactory; over 30% of the male-
sterile plants were barren and the remainder averaged fewer than 5 seeds per plant. 
Roumet and Magnier (1993) used leafcutter bees {Megachile rotundata) in caged 
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plots; average seed set was 64 seeds per male-sterile plant, approximately 60% of 
seed set on fertile plants. Koelling et al. (1981) observed no significant differences 
between honey bees and leafcutter bees in seed set per male-sterile plant in cages, 
but commented that leafcutter bees were easier to handle. At the North Central 
Regional Plant Introduction Station near Ames, Iowa, cages which could be used to 
intermate soybean are 6.4 m x 3.0 m in area (M.P. Widrlechner, personal 
communication), and intermating in cages is estimated to cost approximately 
$250.00 per cage (P.K. Bretting, personal communication). 
Marker-assisted backcrossing can facilitate transfer of the w1 and t alleles. 
The Ms6 and W1 loci are in Linkage Group 8 (Lewers and Palmer, 1993), and on 
chromosome 13 (Sadanaga and Grindeland, 1984). The W1 locus also has been 
placed on a molecular-marker map in Linkage Group U15 (Lark et al., in press). The T 
locus has been placed on a molecular map in Group 6 (Shoemaker and Specht, 1995). 
Marker-assisted backcrossing also can be used to recover the recurrent parent 
genotypes. 
Use of the t allele is not necessary for using the Cosegregation Method to 
facilitate recurrent selection, but the pleiotropic effect of the 7 locus on hypocotyl 
color is useful for reducing the amount of progeny testing that is required to maintain 
cosegregation of the ms6 and w1 alleles. Maintenance of a cosegregating tester line 
also is facilitated if the tester genotype is 11. The source of ms6 male sterility, 
T295H, has the genotype Ms6 w1 w1 T T (Palmer and Skorupska, 1990), and 
cannot be used as a donor parent to transfer the t allele. 
In summary, the Cosegregation Method of hybrid seed production can 
augment SI recurrent selection and enable half-sib recurrent selection with either the 
population or an inbred line as a tester. Although SI recurrent selection is likely to be 
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more widely used, half-sib recurrent selection with an inbred line as a tester would be 
useful to those interested in incorporating exotic germplasm (Simmonds, 1993). The 
Cosegregation Method can be used to select parental material genotypically through 
production and evaluation of testcrosses (F1) (Lewers et al., unpublished). Male-
sterile plants are eliminated from evaluation plots through overplanting seed and 
roguing green-hypocotyl (male-sterile) seedlings. Extra seasons of increase and 
progeny testing are no longer required. Greater control of pod-parent contributions 
during intermating is possible, because the Cosegregation Method allows removal of 
fertile siblings in pod-parent rows before flowering. The Cosegregation Method of 
hybrid seed production facilitates recurrent selection in several ways. 
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Table 1. Methods of recurrent selection used in soybean, traits of interest, and method of intermating. 
Citation Method Intermating Trait of interest 
Brim and Burton, 1979 SI Manual Percentage seed protein 
Miller and Fehr, 1979 SI Manual Percentage seed protein 
Kenworthy and Brim, 1979 SI Manual Grain yield 
Burton and Brim, 1981 Mass msl Percentage seed oil 
Wilson et al., 1981 Mass msl Percentage oleic acid in seed 
Prohaska and Fehr, 1981 
Sumarno and Fehr, 1982 
SI 
S3 
Manual 
Manual 
Iron-deficiency chlorosis 
Grain yield 
Burton et al., 1983 Mass ms7 Percentage oleic acid in seed 
Walker and Schmitthenner, 1984 SI Manual Increased tolerance to Phytophthora 
megasperma Drechs. f. sp. glycinea (Hildeb.), 
Kuan and Erwin 
Specht et al., 1985 Mass ms2 
Piper and Fehr, 1987 S2 and S3 Manual 
Holbrook et al., 1989 SI Manual 
Burton et al., 1990 31 msl 
Werner and Wilcox, 1990 SO ms2 
Tinius et al., 1991 Mass msl 
Xu and Wilcox, 1992 SO ms2 
Specht and Graef, 1992 Mass ms2 
Tinius et al., 1992 Mass msl 
Hanson, 1992 Mass Manual 
Tinius et al., 1993 Mass m s l  
Adaptation of genetically diverse material 
Grain yield 
Grain yield and seed protein 
Grain yield 
Grain yield 
Seed size 
Early maturity and % seed protein 
Adaptation of genetically diverse material 
Seed size and seed growth rate 
Reproductive period and grain yield 
Seed size and composition 
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Table 2. Schedule to generate 11 (grey pubescence) backcross-derived lines 
cosegregating for the ms6 and w7 alleles in coupling. 
Year Season Procedure 
1 1 Pollinate donor parent ms6w1 ms6w1 11 plants with recurrent 
parent to make F1. 
2 Pollinate recurrent parent with F1 to make BC1F1 with 
recurrent-parent cytoplasm. 
3 Advance BC1F1 to BC1F2. 
2 4 Pollinate BC1F2 ms6w1 ms6w1 11 plants with recurrent 
parent to make BC2F1. 
5 Pollinate BC2F1 with recurrent parent to make BC3F1. 
6 Advance BC3F1 to BC3F2. 
3 7 Pollinate BC3F2 ms6w1 ms6w1 11 plants with recurrent 
parent to make BC4F1, 
8 Pollinate BC4F1 with recurrent parent to make BC5F1. 
9 Advance BC5F1 to BC5F2. 
Continue until the desired level of backcrossing is 
accomplished, and F2 seed is available for progeny testing 
and/or intermating. 
4+ 10 
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Table 3. Inheritance of hilum color in soybean seeds with yellow seed coat. 
Genotype Hilum color Hypocotyl color Flower color 
W 1  _ t t R R n  
w 1  w 1  t t R R I I  
W 1  _ t t R R i - i i - i  
w1 w1 ttRR i-i i-i 
Grey Purple 
Yellow Green 
Imperfect black Purple 
Buff Green 
Purple 
White 
Purple 
White 
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Table 4. Equations for the calculation of expected genetic gain per cycle for three 
soybean recurrent-selection methods. 
Method c_t Expected genetic gain 
SI 1 
Half-sib (population as tester) 1 
Half-sib (inbred line as tester) 2 tt 
t c = parental control. 
t k = selection-intensity coefficient. 
§ = additive genetic variance of the evaluated lines. 
t Op = square root of the phenotypic variance of the evaluated lines. 
tt Seed from self-pollination is used to intermate. 
tt The inbred line is assumed to an adapted elite line. 
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GENERAL CONCLUSIONS 
A hybrid seed production method, the Cosegregation Method, has been 
developed for soybean. The Cosegregation Method was more efficient than either of 
two previously used methods, the Traditional Method or the Dilution Method. With 
the Cosegregation Method, greater hybrid seed yield of better purity and quality was 
obtained by using fewer resources. 
Use of the Cosegregation Method will allow efficient production and evaluation 
of experimental quantities of hybrid seed for genetic studies, germplasm evaluation, 
and recurrent selection. Replicated multirow agronomic evaluations can be made on 
the F1 generation. In addition, agronomic evaluation can be made on lines 
segregating for male sterility by overplanting and removing green-hypocotyl seedlings 
(male sterile) at the first trifoliolate stage. Progeny testing can be conducted 
concurrently; if an entry contains nearly all green-hypocotyl seedlings, the progenitor 
was likely not a male-sterile plant, but rather a fertile sibling. Progeny from sib-
matings (contamination) can be removed from the evaluation plots by overplanting at 
a rate of 5 to 10% and removing green-hypocotyl seedlings. Much past research on 
heterosis, combining ability, inbreeding depression, genetic control of quantitatively 
inherited characters, parental value, and germplasm evaluation and recurrent selection 
would have been enhanced by the ability to produce large quantities of hybrid seed 
(Weiss et al., 1947; Nelson and Bernard, 1984; Burton, 1987 and references cited 
therein). 
Burton (1987) stated that, "Additional research is needed to produce 
estimates of heterosis for a wider array of genotypes under commercial cultural 
conditions and to develop more information on the environmental stability of F1 
hybrids relative to pure lines. Such research will provide a better assessment than 
156 
now exists as to the economic advantages or disadvantages of F1 hybrids relative to 
pure lines." Use of the Cosegregation Method will enable some preliminary research 
regarding value, production, and cultivation of commercial hybrid soybean seed. 
Specific topics to be addressed include identification of ideal production locations, 
optimization of planting arrangement and ratio of pod parent to pollen parent, 
pollinator management, increasing seed quality and yield of hybrid seeds per plant, 
increasing heterosis, determination of economical feasibility of commercialized hybrid 
soybean, and comparison of optimal population density and soil-fertility levels for 
hybrid versus inbred lines. 
The Cosegregation Method of hybrid soybean seed production was used to 
produce testcross seed for 36 parental combinations. In this study, 36 testcrosses 
{F1 generation) were agronomically evaluated with the 12 parental lines. The study 
was factorial with three factors: male parents (testers); female parents; and stem 
type (dt2 dt2 s s, Dt2 Dt2 s s, dt2 dt2 S S). A randomized complete-block design 
compared the testcross lines with the testers, and the lines to be evaluated. 
The per se effects of the semideterminate (Dt2 ) and short (S ) stem types 
on agronomic traits were similar for hybrids and inbreds. Although researchers have 
attempted to evaluate the effects of the Dt2 and S alleles in differing genetic 
backgrounds, Clark and Harosoy near-isogenic lines or their derivatives have been 
used in all comparisons to date. However, because both coefficient-of-parentage 
estimates (Carter et al., 1993) and restriction fragment length polymorphism analyses 
(Shoemaker et al., 1992) indicate Clark and Harosoy are genetically divergent, and 
because their cumulative pedigrees include the five ancestors most widely used in 
cultivar development in the United States (Delannay et al., 1983), it is likely that the 
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effects of the Dt2 and S alleles observed thus far are representative of what would 
be observed in other North American cultivars. 
The Dt2 or 5 allele may be useful in commercialized hybrid soybean. In this 
study, the alleles appeared to hasten maturity, decreased plant height, reduced 
lodging, and increased harvest index while not negatively affecting grain yield or seed 
oil content. The short (S) stem type did not affect 100-seed weight or seed protein 
content, but the semideterminate (Dt2) stem type reduced both traits without 
increasing seed oil content. Therefore, the S allele may prove more useful to 
commercialized hybrid soybean. 
The Dt2 and/or S alleles, which alter stem type, were thought to be useful for 
evaluation of the F1 generation of testcrosses or for the evaluation of material in a 
recurrent selection program. A priori, it was thought that these alleles might reduce 
excessive vegetative heterosis, reduce lodging heterosis, and reduce associated yield-
loss heterosis. This study showed that both the Dt2 and S alleles reduced plant 
height heterosis, but did not affect lodging or grain-yield heterosis. In addition, the 
effect of stem type on heterosis for several traits differed between testers and among 
pod-parent lines. These results do not indicate that the Dt2 or S allele would be 
consistently beneficial towards evaluation of germplasm or evaluation of lines in 
recurrent selection for most cultivar-development programs. However, a 
semideterminate (Dt2 Dt2) or short-stem (S S) tester would be appropriate if the goal 
were to develop inbred or hybrid lines with these stem types. 
The testers used in this study were genetically divergent from each other 
(Shoemaker et al., 1992; Carter et al., 1993), and the analysis of variance of the F1 
midparent heterosis values from this study suggested that, contrary to previous 
findings (St. Martin and Aslam, 1986), the choice of tester can be important in 
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determining the parental value of exotic germplasm. Therefore, the tester should be a 
line which represents the genetic base of the material the soybean breeder would like 
to improve. If one or two lines are used as tester to evaluate several exotic lines to 
use in standard breeding practices, it would be more practical to use the testers as 
pod parents and the exotic lines as pollen parents to reduce the number of lines to 
which male sterility must be transferred. 
Significant F1 midparent heterosis was observed for every trait. Both positive 
and negative F1 midparent heterosis was observed for maturity date, plant height, 
harvest index, 100-seed weight, and seed oil content. Significant high-parent 
heterosis was observed only for a few traits, maturity, plant height (positive high-
parent heterosis) and seed oil content (negative high-parent heterosis). Significant F2 
midparent heterosis and inbreeding depression were observed for every trait except 
lodging. The finding of inbreeding depression for grain yield is especially interesting 
to those investigating commercialization of hybrid soybean (Compton, 1977). More 
research in this area and in the study of stability across environments of hybrids in 
comparison with their inbred parents easily could be done concurrently with 
germplasm evaluation. 
Pod-parent lines were evaluated using per se values, F1 midparent heterosis 
values, F2 midparent heterosis values, and Ti values (St. Martin et al., 1996), The 
rankings of lines using these methods frequently were not in agreement. The F2 
midparent heterosis values were inappropriate for evaluating lines for maturity and 
plant height, because of the heterogeneity of the F2 generation and the methods by 
which these two traits usually are measured. The agreement between rankings using 
F1 midparent heterosis values and Ti values depended on whether the adapted or the 
exotic line was the better parent. Use of Ti values may be more appropriate if all the 
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exotic lines to be evaluated were higher ranking or lower ranking than the tester(s) in 
perse evaluations. Use of F1 midparent heterosis may be more appropriate if some 
exotic lines were higher ranking and some were lower ranking than the tester{s). Per 
se evaluation will augment germplasm evaluation using F1 midparent heterosis and/or 
Ti values. 
There is an increased interest in evaluating and utilizing new soybean 
germplasm. Historically, short-term yield increases have been attained at the cost of 
genetic diversity (Gizlice et al., 1993). Several studies have shown a lack of genetic 
diversity in soybean cultivars grown in North America. Delannay et al. (1983) found 
that only 10 introductions contributed, collectively, more than 80% of the northern 
gene pool, and 7 contributed more than 80% of the southern gene pool. Specht and 
Williams (1984) found that only 12 ancestors contributed to the genomic ancestry of 
88% of the 136 cultivars released since 1939, while only five ancestors contributed 
to the cytoplasmic ancestry of 121 of the 136 cultivars. 
Gizlice et al. (1993) found that diversity has declined by 21 % and 26% in the 
northern and southern gene pools, respectively. The rate of loss is likely to be 
accelerated with the use of transgenics and molecular-marker assisted backcrossing. 
These two technologies can effectively transfer single genes controlling pest 
resistance, seed-quality traits, and male sterility while reducing linkage drag from the 
exotic genome. As these two highly efficient technologies become more widely 
used, an organized effort to increase the diversity of genetic backgrounds into which 
single genes can be transferred would be appreciated by those using the 
technologies, and may be required to counteract the loss of genetic diversity. In 
addition, long-term grain-yield gain, quantitatively controlled pest resistance, and 
altered seed-quality traits will continue to depend on introgression of novel alleles. 
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These cultivar development goals can be simultaneously accomplished with the 
appropriate utilization of exotic germplasm. 
Once testcross and/or per se evaluation identifies desirable parents, a breeder 
can use the parents in several ways. If the parents are adapted lines, they can be 
used directly in two parent crosses. If the selected parents are exotic or unadapted, 
most breeders would prefer to use some type of introgression. Thorne and Fehr 
(1970) recommended a three-way cross [(exotic x adapted) x adapted]. Simmonds 
(1993) suggested an alternative to introgression: incorporating selected exotic lines 
through recurrent selection, then beginning two-way crosses. 
Recurrent selection methods utilizing the Cosegregation Method of hybrid seed 
production have been described. Variations of SI and half-sib recurrent selection are 
outlined. Improved methods for evaluating material segregating for male sterility, and 
methods of increasing parental control during intermating are described. While SI 
recurrent selection is likely to be more widely used, half-sib recurrent selection with 
an inbred line as a tester would be useful to those interested in incorporating exotic 
germplasm (Simmonds, 1993). 
This dissertation research has addressed several issues related to hybrid 
soybean: production methods, heterosis, genetic studies, germplasm evaluation, 
recurrent selection methods, and the investigation into commercialization of hybrid 
soybean. Additional research in these areas would be helpful towards improvement 
of soybean breeding. Improvement of pollinator effectiveness should be addressed. 
The ability to produce hybrid soybean seed for any purpose will depend on pollinator 
effectiveness, regardless of the method developed to create male-sterility. 
Germplasm evaluation through testcrosses needs to be addressed. The genetic base 
of soybean in North America is narrow and becoming more so (Gizlice et al., 1993), 
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yet over 13,000 accessions of G. max are available in the USDA Soybean Germplasm 
Collection (Palmer et al., 1996). Extensive genotypic evaluation of the collection 
would encourage utilization of a greater diversity of genotypes in cultivar 
development. An additional benefit of such efforts would be a wealth of information 
about the range of heterosis and inbreeding depression that exists in soybean. Use of 
the outlined recurrent selection methods to incorporate exotic germplasm instead of 
directly introgressing it, as suggested by Simmonds (1993) also would encourage use 
of exotic germplasm in cultivar development. Research conducted in any of these 
areas likely will benefit the others. 
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APPENDIX: SUPPLEMENTARY DATA 
This appendix includes data supplemental to the second manuscript, "Testcross 
evaluation of soybean germplasm". Per se performance for all traits, in four 
environments, of parental lines is given in Table A1. Table A2 is a key to F1 midparent 
heterosis calculation tables. Calculations of F1 midparent heterosis for all traits in four 
environments are given in Tables A3 through A10 (separate table for each trait). 
Values from the analysis of variance of F1 midparent heterosis calculations are given in 
Table A11. Table A12 is a key to Tij and Ti value calculation tables. Calculations of 
Tij and Ti values for all traits in four environments are given in Tables A13 through A20 
{separate table for each trait). Comparisons, for each trait, of rankings according to 
per se F1 midparent heterosis, and Ti values are given in Table A21. 
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Table A1. Parental line perfonnance per se in four environments. 
Parental line Id. Maturity Lodging Plant height Yield (kg/ha) Harvest index 100-sd wt Protein Oil 
PI 384.474 1 19.72 2.23 86.93 2460.74 44.18 15.54 42.52 19.19 
PI 416.941 2 20.22 3.11 92.38 3057.27 45.12 20.00 43.98 18.67 
Glenn 3 19.72 2.62 104.81 3289.30 48.06 16.58 42.24 19.79 
CXI 55 4 19.47 2.74 108.49 3422.66 49.50 16.00 41.35 20.19 
AG020 5 22.55 1.58 88.29 3558.97 47.75 20.50 41.80 19.79 
T295H 7 23.55 2.10 99.63 3337.42 49.33 20.67 41.77 19.83 
Clark e2 8 20.56 2.12 96.23 2918.34 47.68 18.08 42.38 20.09 
Clark e2 Dt2 9 18.82 2.35 86.00 2968.57 49.52 16.33 41.84 20.14 
Clark e2 S 10 19.86 2.08 91.70 3024.74 49.26 17.92 42.40 20.33 
Harosoy 11 19.02 2.63 106.15 2915.40 48.08 18.42 41.94 19.78 
Harosoy Dt2 12 17.20 2.25 95.66 2931.10 47.84 17.42 41.65 19.58 
Harosoy S 13 16.15 2.06 85.07 2865.98 50.48 17.92 42.12 19.56 
LSD (0.05) = 1.790 0.451 7.752 389.095 3.721 0.970 0.619 0.352 
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Table A2. Parental and hybrid identification and basic fonmat and calculations of data. 
Treatment Means 
Check value 8=Clark e2 9=ClarK e2 Dt2 1G=Clarke2S 11=Harosoy 12=Harosoy Dt2 13=Harosoy S 
1=PI384.474 14from aov 21 28 35 42 49 
2=PI416.941 15 22 29 36 43 50 
3=GIenn 16 23 30 37 44 51 
4=CX155 17 24 31 38 45 52 
5=AG020 18 25 32 39 46 53 
7=T295H 20 27 34 41 48 55 
Mid-parent values 
8 9 10 11 12 13 
1 14=(1+8)/2 21 28 35 42 49 
2 15 22 29 36 43 50 
3 16 23 30 37 44 51 
4 17 24 31 38 45 52 
5 18 25 32 39 46 53 
7 20 27 34 41 48 55 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 14=F1-MP 21 28 35 42 49 
2 15 22 29 36 43 50 
3 16 23 30 37 44 51 
4 17 24 31 38 45 52 
5 18 25 32 39 46 53 
7 20 27 34 41 48 55 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 14=100(F1-MP)/MP 28 35 42 49 
2 15 22 29 36 43 50 
3 16 23 30 37 44 51 
4 17 24 31 38 45 52 
5 18 25 32 39 46 53 
7 20 27 34 41 48 55 
Parental line identification numbers are from 1 through 13. 
The value of the check line, 'Kenwood', is given near the top left comer of the table. 
Hybrid identification numbers are from 14 through 55 and correspond to the parental lines above 
them and to the left of them in the table. For example, pod-parent line 3 was crossed with tester line 9 
to produce hybrid line 23. 
173 
Table A3. F1 midparent heterosis calculations ( maturity date, after August 31). 
Treatment means 
21.34 20.56 18.82 19.86 19.02 17.20 16.15 
19.72 19.82 17.65 19.45 18.95 17.12 17.74 
20.22 25.07 21.00 22.83 22.42 20.82 20.42 
19.72 21.74 20.76 21.89 20.39 19.18 20.01 
19.47 22.27 20.66 21.92 20.37 19.41 19.33 
22.55 27.28 27.59 26.02 26.30 22.82 26.01 
23.55 22.58 21.12 21.24 20.58 19.84 19.65 
Mid-parent values 
8 9 10 11 12 13 
1 20.14 19.27 19.79 19.37 18.46 17.93 
2 20.39 19.52 20.04 19.62 18.71 18.18 
3 20.14 19.27 19.79 19.37 18.46 17.93 
4 20.01 19.14 19.66 19.25 18.33 17.81 
5 21.56 20.68 21.20 20.79 19.87 19.35 
7 22.06 21.18 21.70 21.29 20.37 19.85 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 -0.32 -1.62 -0.34 -0.42 -1.33 -0.19 
2 4.68 1.48 2.80 2.80 2.11 2.23 
3 1.60 1.49 2.10 1.02 0.73 2.08 
4 2.26 1.52 2.25 1.12 1.08 1.52 
5 5.72 6.91 4.82 5.52 2.94 6.66 
7 0.52 -0.06 -0.46 -0.71 -0.53 -0.20 
LSD=1.55 [Is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 -1.61 -8.39 -1.71 -2.19 -7.22 -1.08 
2 22.94 7.60 13.96 14.25 11.27 12.27 
3 7.95 7.74 10.61 5.25 3.93 11.58 
4 11.29 7.94 11.46 5.84 5.88 8.52 
5 26.54 33.42 22.73 26.54 14.80 34.42 
7 2.36 -0.30 -2.12 -3.33 -2.60 -1.02 
Note: These figures are calculated using values from all four environments. 
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Table A 4. F1 midparent heterosis calculations Lodging from 1 (upright) to 5 
(prostrate)]. 
Treatment means 
2.43 2.12 2.35 2.08 2.63 2.25 2.06 
2.23 2.43 2.50 2.30 2.59 2.42 2.13 
3.11 3.04 2.97 2.95 2.71 2.63 3.02 
2.62 2.67 2.50 2.43 2.73 2.68 2.43 
2.74 2.69 2.63 2.44 2.73 2.41 2.31 
1.58 1.94 1.73 1.77 2.17 1.82 1.83 
2.10 2.29 2.41 2.05 2.15 1.92 2.03 
Mid-parent values 
8 9 10 11 12 13 
1 2.18 2.29 2.16 2.43 2.24 2.15 
2 2.61 2.73 2.59 2.87 2.68 2.59 
3 2.37 2.48 2.35 2.62 2.44 2.34 
4 2.43 2.55 2.41 2.68 2.50 2.40 
5 1.85 1.97 1.83 2.10 1.92 1.82 
7 2.11 2.23 2.09 2.36 2.18 2.08 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 0.25 0.21 0.15 0.16 0.17 -0.02 
2 0.43 0.24 0.35 -0.16 -0.05 0.43 
3 0.30 0.02 0.08 0.11 0.24 0.09 
4 0.26 0.08 0.03 0.04 -0.09 -0.09 
5 0.09 -0.24 -0.06 0.07 -0.10 0.01 
7 0.18 0.19 -0.04 -0.21 -0.26 -0.06 
LSD=0.39 [Is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) { 
8 9 10 11 12 13 
1 11.69 9.09 6.86 6.52 7.71 -0.78 
2 16.27 8.70 13.57 -5.52 -1.79 16.68 
3 12.85 0.67 3.46 4.29 9.84 3.65 
4 10.63 3.11 1.30 1.55 -3.59 -3.90 
5 4.95 -12.29 -3.41 3.17 -5.32 0.57 
7 8.70 8.43 -1.89 -8.99 -11.96 -2.70 
Note: These figures are calculated using values from all four environments. 
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Table A5. F1 midparent heterosis calculations (plant height in centimeters ) •  
Treatment means 
98.10 96.23 86.00 91.70 106.15 95.66 85.07 
86.93 93.07 87.13 94.99 98.86 84.50 91.11 
92.38 111.79 102.56 102.24 111.12 106.53 97.21 
104.81 114.65 106.68 109.29 122.14 98.51 98.06 
108.49 113.79 98.80 99.81 117.44 97.53 98.25 
88.29 107.73 99.23 103.66 109.97 97.07 96.83 
99.63 103.07 99.13 95.98 103.31 92.88 99.66 
Mid-parent values 
8 9 10 11 12 13 
1 91.58 86.46 89.31 96.54 91.29 86.00 
2 94.30 89.19 92.04 99.26 94.02 88.73 
3 100.52 95.40 98.25 105.48 100.23 94.94 
4 102.36 97.24 100.09 107.32 102.07 96.78 
5 92.26 87.14 89.99 97.22 91.97 86.68 
7 97.93 92.82 95.66 102.89 97.64 92.35 
Mid-parent heterosis (d fference) 
8 9 10 11 12 13 
1 1.49 0.66 5.68 2.32 -6.79 5.11 
2 17.49 13.37 10.20 11.86 12.51 8.48 
3 14.13 11.28 11.04 16.66 -1.72 3.12 
4 11.44 1.56 -0.28 10.12 -4.55 1.47 
5 15.47 12.09 13.67 12.75 5.10 10.15 
7 5.14 6.32 0.31 0.42 -4.77 7.31 
LSD=6.71 [Is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 1.63 0.77 6.35 2.40 -7.44 5.94 
2 18.54 15.00 11.08 11.94 13.30 9.56 
3 14.06 11.82 11.23 15.79 -1.72 3.28 
4 11.17 1.60 -0.28 9.43 -4.46 1.52 
5 16.77 13.87 15.19 13.12 5.55 11.71 
7 5.25 6.81 0.32 0.41 -4.88 7.91 
Note: These figures are calculated using values from all four environments. 
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Table A6. F1 midparent heterosis calculations (grain yield in kg/ha). 
Treatment means 
3708.18 2918.34 2968.57 3024.74 2915.40 2931.10 2865.98 
2460.74 2677.87 2805.18 2900.16 2908.01 2801.74 3007.17 
3057.27 2883.72 2724.17 3021.56 3351.48 3447.15 3161.52 
3289.30 3060.97 3106.18 3345.14 3246.27 3355.86 3038.13 
3422.66 3136.76 3160.54 3355.02 3626.51 3463.34 3226.61 
3558.97 3459.40 3402.27 3438.61 3662.81 3610.52 3714.05 
3337.42 3185.46 3310.02 3476.02 3262.16 3271.16 3124.68 
Mid-parent values 
8 9 10 11 12 13 
1 2689.54 2714.65 2742.74 2688.07 2695.92 2663.36 
2 2987.80 3012.92 3041.01 2986.34 2994.18 2961.62 
3 3103.82 3128.94 3157.02 3102.35 3110.20 3077.64 
4 3170.50 3195.62 3223.70 3169.03 3176.88 3144.32 
5 3238.65 3263.77 3291.86 3237.19 3245.03 3212.47 
7 3127.88 3153.00 3181.08 3126.41 3134.26 3101.70 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 -11.67 90.52 157.42 219.94 105.82 343.81 
2 -104.08 -288.75 -19.45 365.14 452.97 199.89 
3 -42.85 -22.76 188.11 143.91 245.66 -39.51 
4 -33.74 -35.07 131.32 457.47 286.46 82.28 
5 220.75 138.50 146.76 425.62 365.49 501.58 
7 57.58 157.03 294.94 135.75 136.90 22.98 
LSD=336.96 [Is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 -0.43 3.33 5.74 8.18 3.93 12.91 
2 -3.48 -9.58 -0.64 12.23 15.13 6.75 
3 -1.38 -0.73 5.96 4.64 7.90 -1.28 
4 -1.06 -1.10 4.07 14.44 9.02 2.62 
5 6.82 4.24 4.46 13.15 11.26 15.61 
7 1.84 4.98 9.27 4.34 4.37 0.74 
Note: These figures are calculated using values from all four environments. 
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Table A7. F1 midparent heterosis calculations ( harvest index n percent values). 
Treatment means 
55.13 47.68 44.14 44.97 43.35 43.58 42.61 
44.18 39.82 41.71 43.12 43.24 41.65 44.71 
45.12 42.87 40.50 44.92 49.83 51.25 47.00 
48.06 45.51 46.18 49.74 48.26 49.89 45.17 
49.50 46.64 46.99 49.88 53.92 51.49 47.97 
47.75 51.44 50.59 51.13 54.46 53.68 55.22 
49.33 47.36 49.21 51.68 48.50 48.63 46.46 
Mid-parent values 
8 9 10 11 12 13 
1 45.93 44.16 44.58 43.77 43.88 43.40 
2 46.40 44.63 45.05 44.23 44.35 43.87 
3 47.87 46.10 46.51 45.70 45.82 45.33 
4 48.59 46.82 47.24 46.42 46.54 46.06 
5 47.71 45.94 46.36 45.55 45.67 45.18 
7 48.50 46.73 47.15 46.34 46.45 45.97 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 -6.12 -2.45 -1.46 -0.53 -2.23 1.31 
2 -3.52 -4.13 -0.12 5.60 6.90 3.14 
3 -2.36 0.09 3.22 2.56 4.08 -0.16 
4 -1.95 0.17 2.65 7.49 4.95 1.92 
5 3.72 4.64 4.76 8.91 8.02 10.04 
7 -1.14 2.48 4.53 2.16 2.18 0.49 
LSD=3.22 [Is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 -13.31 -5.56 -3.27 -1.21 -5.07 3.03 
2 -7.60 -9.25 -0.27 12.65 15.56 7.16 
3 -4.92 0.19 6.93 5.61 8.90 -0.36 
4 -4.02 0.36 5.60 16.14 10.64 4.16 
5 7.80 10.10 10.28 19.56 17.55 22.22 
7 -2.35 5.31 9.61 4.67 4.69 1.06 
Note: These figures are calculated using values from ail four environments. 
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Table A8. F1 midparent heterosis calculations (100-seed weight in grams per 100 
seeds). 
Treatment means 
15.92 18.08 16.33 17.92 18.42 17.42 17.92 
15.54 17.00 15.52 16.88 15.83 15.46 16.50 
20.00 19.63 18.42 19.92 20.00 18.79 19.58 
16.58 16.58 16.17 17.08 17.54 17.08 17.08 
16.00 16.33 16.21 16.71 16.92 16.50 16.71 
20.50 19.33 18.88 19.40 20.04 18.92 19.46 
20.67 20.75 20.00 20.08 20.08 19.50 20.04 
Mid-parent values 
8 9 10 11 12 13 
1 16.81 15.94 16.73 16.98 16.48 16.73 
2 19.04 18.17 18.96 19.21 18.71 18.96 
3 17.33 16.46 17.25 17.50 17.00 17.25 
4 17.04 16.17 16.96 17.21 16.71 16.96 
5 19.29 18.42 19.21 19.46 18.96 19.21 
7 19.38 18.50 19.29 19.54 19.04 19.29 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 0.19 -0.42 0.15 -1.15 -1.02 -0.23 
2 0.58 0.25 0.96 0.79 0.08 0.62 
3 -0.75 -0.29 -0.17 0.04 0.08 -0.17 
4 -0.71 0.04 -0.25 -0.29 -0.21 -0.25 
5 0.04 0.46 0.19 0.58 -0.04 0.25 
7 1.38 1.50 0.79 0.54 0.46 0.75 
LSD=0.84 [is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 1.12 -2.61 0.87 -6.75 -6.19 -1.37 
2 3.06 1.38 5.05 4.12 0.45 3.30 
3 -4.33 -1.77 -0.97 0.24 0.49 -0.97 
4 -4.16 0.26 -1.47 -1.69 -1.25 -1.47 
5 0.22 2.49 0.98 3.00 -0.22 1.30 
7 7.10 8.11 4.10 2.77 2.41 3.89 
Note: These figures are calculated using values from all four environments. 
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Table A9. F1 midparent heterosis calculations { percentage seed protein content). 
Treatment means 
40.84 42.38 41.84 42.40 41.94 41.65 42.12 
42.52 42.68 41.77 42.09 42.64 41.98 42.10 
43.98 43.23 43.06 43.13 42.73 42.35 43.30 
42.24 42.28 41.71 42.07 42.14 41.74 41.61 
41.35 42.09 41.94 41.93 41.89 41.71 41.58 
41.80 41.74 41.96 41.72 41.35 41.18 41.71 
41.77 42.13 41.98 41.78 41.44 41.43 42.18 
Mid-parent values 
8 9 10 11 12 13 
1 42.45 42.18 42.46 42.23 42.09 42.32 
2 43.18 42.91 43.19 42.96 42.82 43.05 
3 42.31 42.04 42.32 42.09 41.95 42.18 
4 41.86 41.60 41.87 41.65 41.50 41.73 
5 42.09 41.82 42.10 41.87 41.73 41.96 
7 42.07 41.80 42.08 41.86 41.71 41.94 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 0.23 -0.41 -0.37 0.40 -0.10 -0.22 
2 0.05 0.14 -0.06 -0.23 -0.47 0.25 
3 -0.03 -0.33 -0.25 0.04 -0.20 -0.57 
4 0.23 0.34 0.06 0.24 0.21 -0.15 
5 -0.35 0.14 -0.38 -0.52 -0.54 -0.25 
7 0.05 0.17 -0.30 -0.42 -0.28 0.23 
LSD=0.536 [Is heterosis different from zero?; significant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 0.55 -0.96 -0.86 0.95 -0.24 -0.53 
2 0.11 0.34 -0.15 -0.54 -1.10 0.57 
3 -0.08 -0.78 -0.58 0.10 -0.48 -1.36 
4 0.54 0.82 0.14 0.58 0.51 -0.37 
5 -0.83 0.34 -0.90 -1.24 -1.31 -0.60 
7 0.13 0.42 -0.71 -0.99 -0.68 0.56 
Note: These figures are calculated using values from all four environments. 
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Table A10. F1 midparent heterosis calculations (percentage seed oil). 
Treatment means 
20.11 20.09 20.14 20.33 19.78 19.58 19.56 
19.19 19.81 20.04 20.00 19.59 19.81 19.74 
18.67 19.32 19.33 19.40 19.34 19.44 19.03 
19.79 19.63 19.85 19.88 19.63 19.65 19.79 
20.19 19.97 20.01 19.83 19.96 19.94 19.76 
19.79 20.03 19.86 19.68 19.80 19.90 19.45 
19.83 20.25 20.10 20.00 20.24 20.02 19.78 
Mid-parent values 
8 9 10 11 12 13 
1 19.64 19.67 19.76 19.48 19.38 19.38 
2 19.38 19.41 19.50 19.22 19.12 19.12 
3 19.94 19.97 20.06 19.79 19.69 19.68 
4 20.14 20.17 20.26 19.99 19.89 19.88 
5 19.94 19.97 20.06 19.79 19.69 19.68 
7 19.96 19.99 20.08 19.80 19.70 19.69 
Mid-parent heterosis (difference) 
8 9 10 11 12 13 
1 0.18 0.37 0.24 0.11 0.42 0.37 
2 -0.06 -0.07 -0.10 0.12 0.31 -0.09 
3 -0.31 -0.12 -0.19 -0.16 -0.04 0.11 
4 -0.17 -0.16 -0.43 -0.03 0.05 -0.12 
5 0.09 -0.11 -0.39 0.02 0.21 -0.23 
7 0.29 0.11 -0.08 0.44 0.31 0.09 
LSD=0.304 [Is heterosis different from zero?; si( jnificant (P=0.05) values in bold] 
Mid-parent heterosis (percentage) 
8 9 10 11 12 13 
1 0.90 1.88 1.22 0.55 2.17 1.89 
2 -0.29 -0.38 -0.49 0.61 1.65 -0.47 
3 -1.54 -0.59 -0.93 -0.80 -0.18 0.54 
4 -0.83 -0.81 -2.15 -0.13 0.24 -0.59 
5 0.43 -0.55 -1.92 0.09 1.07 -1.16 
7 1.48 0.56 -0.38 2.22 1.60 0.44 
Note: These figures are calculated using values from all four environments. 
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Table A11. From the analysis of var ance of F1 midparent heteros s values in four environments. 
Comparison Mat Lodg Height YId kg/ha HI Sd wt Prot Oil 
Claris 1.96 a 0.14 a 8.39 a 56.92 a 0.17 a 0.22 a -0.06 a -0.05 a 
Harosoy 1.47 a 0.02 a 4.98 b 247.34 b 3.71 b 0.05 a -0.14 a 0.11 b 
Normal stem 1.98 a 0.13 a 9.49 b 152.82 a 1.24 a 0.10 a -0.03 a 0.04 ab 
Dt2 1.23 b 0.03 a 3.76 a 136.06 a 2.06 a 0.07 a -0.11 a 0.11 b 
S 1.94 a 0.07 a 6.36 a 167.51 a 2.52 a 0.22 a -0.17 a -0.07 a 
Clark e2 2.41 a 0.25 a 10.86 b 14.33 a -1.90 a 0.12 a 0.03 a 0.00 a 
Ciarl; e2 Dt2 1.62 a 0.08 a 7.55 ab 6.58 a 0.13 b 0.26 a 0.01 a 0.00 a 
Clark e2 S 1.86 a 0.09 a 6.77 a 149.85 a 2.26 c 0.28 a -0.22 a -0.16 a 
Harosoy 1.56 ab 0.00 a 9.02 b 291.31 a 4.37 a 0.09 a -0.08 a 0.08 ab 
Harosoy Dt2 0.83 b -0.02 a -0.04 a 265.55 a 3.98 a -0.11 a -0.23 a 0.21 b 
Harosoy S 2.02 a 0.06 a 5.94 b 185.17 a 2.79 a 0.16 a -0.12 a 0.02 a 
1 4).70 a 0.15 ab 1.41 a 150.97 ab -1.91 a -0.41 a -0.08 ab 0.28 c 
2 2.68 c 0.21 b 12.32 b 100.95 a 1.31 b 0.55 cd -0.05 ab 0.02 ab 
3 1.50 b 0.14 ab 9.09 b 78.76 a 1.24 b -0.21 ab -0.22 a -0.12 a 
4 1.63 b 0.04 ab 3.29 a 148.12 ab 2.54 b -0.28 a 0.16 b -0.14 a 
5 5.43 d -0.04 a 11.54 b 299.78 b 6.68 c 0.25 be -0.32 a -0.07 a 
7 -0.24 a -0.03 a 2.46 a 134.20 ab 1.78 b 0.90 d -0.09 ab 0.19 be 
Line Tester 
1 Clark e2 -0.76 a 0.20 ab 2.61 a 78.76 ab -3.34 a -0.03 ab -0.18 a 0.26 c 
2 Claris 82 2.99 b 0.34 b 13.69 b -137.43 a -2.59 a 0.60 be 0.04 a -0.08 ab 
3 Clark e2 1.73 b 0.13 ab 12.15 b 40.83 ab 0.32 b -0.40 a -0.20 a -0.21 a 
4 Clark e2 2.01 b 0.12 ab 4.24 a 20.84 ab 0.29 b -0.31 a 0.21 a -0.25 a 
5 Clark e2 5.82 c -0.07 a 13.74 b 168.67 b 4.37 e 0.23 a -0.20 a -0.14 ab 
7 Clark e2 0.00 a 0.11 ab 3.92 a 169.85 b 1.96 be 1.22 c -0.03 a 0.11 be 
1 Harosoy -0.65 a 0.10 ab 0.21 a 223.19 ab -0.48 a -0.80 a 0.03 b 0.30 b 
2 Harosoy 2.38 b 0.07 ab 10.95 0 339.33 ab 5.21 d 0.50 0 -0.15 ab 0.11 ab 
3 Harosoy 1.28 b 0.15 b 6.02 be 116.69 a 2.16 be -0.02 be -0.24 ab -0.03 a 
4 Harosoy 1.24 b -0.05 ab 2.35 ab 275.40 ab 4.79 ed -0.25 ab 0.10 b -0.03 a 
5 Harosoy 5.04 c -0.01 ab 9.33 0 430.90 b 8.99 e 0.26 be -0.44 a 0.00 a 
7 Harosoy -0.48 a -0.18 a 0.99 a 98.54 a 1.61 ab 0.58 c -0.16 ab 0.28 b 
Line Stem type 
1 N -0.37 a 0.21 a 1.91 a 104.14 a -3.33 a -0.48 a 0.32 b 0.15 be 
2 N 3.74 d 0.14 a 14.68 b 130.53 a 1.04 b 0.69 b -0.09 ab 0.03 ab 
3 N 1.31 be 0.21 a 15.40 b 50.53 a 0.10 b -0.36 a 0.01 ab -0.24 a 
4 N 1.69 c 0.15 a 10.78 b 211.87 a 2.77 b -0.50 a 0.24 b -0.10 a 
5 N 5.62 e 0.08 a 14.11 b 323.19 a 6.32 e 0.31 ab -0.44 a 0.06 ab 
7 N -0.10 ab -0.02 a 2.78 a 96.67 a 0.51 b 0.96 b -0.19 ab 0.37 e 
1 Dt2 -1.48 a 0.19 a -3.07 a 98.17 a -2.34 a -0.72 a -0.26 ab 0.40 b 
2 Dt2 1.80 c 0.10 a 12.94 d 82.11 a 1.39 b 0.17 be -0.17 ab 0.12 ab 
3 Dt2 1.11 be 0.13 a 4.78 be 111.45 a 2.09 b -0.11 ab -0.27 a -0.08 a 
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Table A11. From the analysis of var ance of F1 midparent heterosis values in four environments. 
Comparison Mat Lodg Height YId kg/ha HI Sd wt Prot Oil 
4 Dt2 1.30 C 1 O
 
O
 
a -1.50 ab 125.70 a 2.56 b -0.09 ab 0.28 b -0.06 a 
5 Dt2 4.93 d -0.17 a 8.60 cd 252.00 a 6.33 c 0.21 be -0.20 ab 0.05 a 
7 Dt2 -0.30 ab -0.04 a 0.78 ab 146.97 a 2.33 b 0.98 c -0.06 ab [0.21 ab 
1 S -0.27 a 0.07 ab 5.40 ab 250.62 a -0.08 a -0.04 ab -0.30 a 0.31 c 
2 S 2.52 b 0.39 b 9.34 be 90.22 a 1.51 a 0.79 b 0.10 a -0.10 ab 
3 S 2.09 b 0.09 ab 7.08 abc 74.30 a 1.53 a -0.17 a -0.41 a -0.04 ab 
4 S 1.89 b -0.03 a 0.60 a 106.80 a 2.29 a -0.25 a -0.05 a -0.28 ab 
5 S 5.74 c -0.03 a 11.91 c 324.17 a 7.40 c 0.22 a -0.32 a -0.31 a 
7 S -0.33 a -0.05 a 3.81 ab 158.96 a 2.51 a 0.77 b -0.04 a 0.01 be 
Within comparison and trait, values followed by the same letter are not significantly different (P=0.05). 
Within main effect comparisons, bold font indicates significant differences among values. 
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Table A12. Key to tables on calculation of Tij and T1 values. 
Treatment means 
8= 9= 10= 11= 12= 13= 
Check value Clark e2 Clark e2 Dt2 Clark e2 S Harosoy Harosoy Dt2 Harosoy S 
1=PI384.474 14 from aov 21 28 35 42 49 
2=PI416.941 15 22 29 36 43 50 
3=Glenn 16 23 30 37 44 51 
4=CX155 17 24 31 38 45 52 
5=AG020 18 25 32 39 46 53 
7=T295H 20 27 34 41 48 55 
Tij values 
8 9 10 11 12 13 Ti values 
1 =  14 -8  21 28 35 42 49 Mean Tij s 
2 15 22 29 36 43 50 for 2 
3 16 23 30 37 44 51 for 3 
4 17 24 31 38 45 52 for 4 
5 18 25 32 39 46 53 for 5 
7 20 27 34 41 48 55 for 7 
Parental line identification numbers are from 1 through 13. 
The value of the check line, 'Kenwood', is given near the top left corner of the table. 
Hybrid identification numbers are from 14 through 55 and correspond to the parental lines above 
them and to the left of them in the table. For example, pod-parent line 3 was crossed with tester 
line 9 to produce hybrid line 23. 
The Tij values were calculated using the tester as the adapted parent. 
These figures are calculated using values from all four environments. 
LSD= [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD= [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD= [Is one Ti different (P=0.05) from another?] 
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Table A13. Calculation of Tij and T1 values (maturity date past 31 August' 1. 
Treatment means 
21.34 20.56 18.82 19.86 19.02 17.20 16.15 
19.72 19.82 17.65 19.45 18.95 17.12 17.74 
20.22 25.07 21.00 22.83 22.42 20.82 20.42 
19.72 21.74 20.76 21.89 20.39 19.18 20.01 
19.47 22.27 20.66 21.92 20.37 19.41 19.33 
22.55 27.28 27.59 26.02 26.30 22.82 26.01 
23.55 22.58 21.12 21.24 20.58 19.84 19.65 
Tij values 
8 9 10 11 12 13 Ti values 
1 -0.75 -1.17 -0.41 -0.08 -0.07 1.59 -0.15 
2 4.50 2.18 2.98 3.39 3.62 4.26 3.49 
3 1.18 1.94 2.03 1.36 1.98 3.86 2.06 
4 1.71 1.84 2.06 1.34 2.21 3.17 2.06 
5 6.71 8.78 6.17 7.28 5.62 9.86 7.40 
7 2.01 2.30 1.39 1.55 2.65 3.50 2.23 
Note: These figures are calculated using values from all four environments. 
LSD=1.79 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=0.731 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=1.033 [Is one Ti different (P=0.05) from another?] 
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Table A14. Calculation of Tij and T values [lodging from 1 (upright) to 5 (prostrate)]. 
Treatment means 
2.43 2.12 2.35 2.08 2.63 2.25 2.06 
2.23 2.43 2.50 2.30 2.59 2.42 2.13 
3.11 3.04 2.97 2.95 2.71 2.63 3.02 
2.62 2.67 2.50 2.43 2.73 2.68 2.43 
2.74 2.69 2.63 2.44 2.73 2.41 2.31 
1.58 1.94 1.73 1.77 2.17 1.82 1.83 
2.10 2.29 2.41 2.05 2.15 1.92 2.03 
Tij values 
a 9 10 11 12 13 Ti values 
1 0.31 0.15 0.23 -0.04 0.16 0.07 0.15 
2 0.92 0.62 0.87 0.08 0.38 0.95 0.64 
3 0.55 0.15 0.35 0.11 0.42 0.36 0.32 
4 0.57 0.28 0.36 0.10 0.15 0.25 0.28 
5 -0.18 •0.63 -0.31 -0.45 -0.44 -0.23 -0.37 
7 0.18 0.06 -0.03 -0.48 -0.34 -0.04 -0.11 
Note: These figures are calculated using values from all four environments. 
LSD=0.451 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=0.184 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=0.260 [Is one Ti different (P=0.05) from another?] 
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Table A15. Calculation of Ti and Ti values (plant height in centimeters). 
Treatment means 
98.10 96.23 86.00 91.70 106.15 95.66 85.07 
86.93 93.07 87.13 94.99 98.86 84.50 91.11 
92.38 111.79 102.56 102.24 111.12 106.53 97.21 
104.81 114.65 106.68 109.29 122.14 98.51 98.06 
108.49 113.79 98.80 99.81 117.44 97.53 98.25 
88.29 107.73 99.23 103.66 109.97 97.07 96.83 
99.63 103.07 99.13 95.98 103.31 92.88 99.66 
Tij values 
8 9 10 11 12 13 Ti values 
1 -3.16 1.13 3.29 -7.30 -11.16 6.03 -1.86 
2 15.56 16.56 10.54 4.97 10.87 12.14 11.77 
3 18.42 20.68 17.59 15.99 2.85 12.98 14.75 
4 17.57 12.80 8.11 11.29 1.86 13.18 10.80 
5 11.50 13.23 11.96 3.82 1.41 11.76 8.95 
7 6.85 13.13 4.27 -2.84 -2.78 14.58 5.53 
Note: These figures are calculated using values from all four environments. 
LSD=7.752 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=3.165 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=4.476 [Is one Ti different (P=0.05) from another?] 
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Table A16. Calculation of Tij and Ti values (grain yield in kg/iia). 
Treatment means 
3708.18 2918.34 2968.57 3024.74 2915.40 2931.10 2865.98 
2460.74 2677.87 2805.18 2900.16 2908.01 2801.74 3007.17 
3057.27 2883.72 2724.17 3021.56 3351.48 3447.15 3161.52 
3289.30 3060.97 3106.18 3345.14 3246.27 3355.86 3038.13 
3422.66 3136.76 3160.54 3355.02 3626.51 3463.34 3226.61 
3558.97 3459.40 3402.27 3438.61 3662.81 3610.52 3714.05 
3337.42 3185.46 3310.02 3476.02 3262.16 3271.16 3124.68 
Tij values 
8 9 10 11 12 13 Ti values 
1 -240.47 -163.39 -124.58 -7.40 -129.36 141.19 -87.34 
2 -34.62 -244.40 -3.19 436.07 516.05 295.54 160.91 
3 142.63 137.61 320.39 330.86 424.76 172.15 254.73 
4 218.42 191.97 330.28 711.10 532.24 360.63 390.77 
5 541.06 433.70 413.87 747.40 679.43 848.07 610.59 
7 267.12 341.46 451.28 346.75 340.06 258.70 334.23 
Note: These figures are calculated using values from all four environments. 
LSD=389.095 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=158.847 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=224.644 [Is one Ti different (P=0.05) from another?] 
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Table A17. Calculation of Ti and Tij values (harvest Index in percentage). 
Treatment means 
55.13 47.68 44.14 44.97 43.35 43.58 42.61 
44.18 39.82 41.71 43.12 43.24 41.65 44.71 
45.12 42.87 40.50 44.92 49.83 51.25 47.00 
48.06 45.51 46.18 49.74 48.26 49.89 45.17 
49.50 46.64 46.99 49.88 53.92 51.49 47.97 
47.75 51.44 50.59 51.13 54.46 53.68 55.22 
49.33 47.36 49.21 51.68 48.50 48.63 46.46 
Tij values 
8 9 10 11 12 13 Ti values 
1 -7.86 -2.43 -1.85 -0.11 -1.92 2.10 -2.01 
2 -4.80 -3.64 -0.05 6.48 7.67 4.39 1.68 
3 -2.17 2.05 4.76 4.92 6.32 2.56 3.07 
4 -1.04 2.85 4.91 10.57 7.91 5.36 5.09 
5 3.76 6.45 6.15 11.11 10.10 12.61 8.36 
7 -0.32 5.08 6.71 5.16 5.06 3.85 4.25 
Note: These figures are calculated using values from all four environments. 
LSD=3.721 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=1.519 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=2.148 [Is one Ti different (P=0.05) from another?] 
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Table A18. Calculation of Ti and Tij values (weight in grams of 100 seeds] . 
Treatment means 
15.92 18.08 16.33 17.92 18.42 17.42 17.92 
15.54 17.00 15.52 16.88 15.83 15.46 16.50 
20.00 19.63 18.42 19.92 20.00 18.79 19.58 
16.58 16.58 16.17 17.08 17.54 17.08 17.08 
16.00 16.33 16.21 16.71 16.92 16.50 16.71 
20.50 19.33 18.88 19.40 20.04 18.92 19.46 
20.67 20.75 20.00 20.08 20.08 19.50 20.04 
Tij values 
8 9 10 11 12 13 Ti values 
1 -1.08 -0.81 -1.04 -2.58 -1.96 -1.42 -1.48 
2 1.54 2.08 2.00 1.58 1.38 1.67 1.71 
3 -1.50 -0.17 -0.83 -0.88 -0.33 -0.83 -0.76 
4 -1.75 -0.13 -1.21 -1.50 -0.92 -1.21 -1.12 
5 1.25 2.54 1.48 1.63 1.50 1.54 1.66 
7 2.67 3.67 2.17 1.67 2.08 2.13 2.40 
Note: These figures are calculated using values from all four environments. 
LSD=0.970 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=0.396 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=0.560 [Is one Ti different (P=0.05) from another?] 
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Table A19. Calculation of Ti and Tij values (percentage seed protein). 
Treatment means 
40.84 42.38 41.84 42.40 41.94 41.65 42.12 
42.52 42.68 41.77 42.09 42.64 41.98 42.10 
43.98 43.23 43.06 43.13 42.73 42.35 43.30 
42.24 42.28 41.71 42.07 42.14 41.74 41.61 
41.35 42.09 41.94 41.93 41.89 41.71 41.58 
41.80 41.74 41.96 41.72 41.35 41.18 41.71 
41.77 42.13 41.98 41.78 41.44 41.43 42.18 
Tij values 
8 9 10 11 12 13 Ti values 
1 0.30 -0.07 -0.31 0.69 0.33 -0.02 0.16 
2 0.85 1.22 0.73 0.79 0.70 1.18 0.91 
3 -0.10 1 p
 
-0.33 0.19 0.09 -0.51 -0.13 
4 -0.29 0.09 -0.47 -0.05 0.06 -0.54 -0.20 
5 -0.64 0.12 -0.68 -0.59 -0.47 -0.41 -0.45 
7 -0.25 0.14 -0.62 -0.50 -0.23 0.06 -0.23 
Note: These figures are calculated using values from all four environments. 
LSD=0.619 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=0.253 [Is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=0.203[ls one Ti different {P=0.05) from another?] 
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Table A20. Calculation of Ti and Tij values (percentage seed oil). 
Treatment means 
20.11 20.09 20.14 20.33 19.78 19.58 19.56 
19.19 19.81 20.04 20.00 19.59 19.81 19.74 
18.67 19.32 19.33 19.40 19.34 19.44 19.03 
19.79 19.63 19.85 19.88 19.63 19.65 19.79 
20.19 19.97 20.01 19.83 19.96 19.94 19.76 
19.79 20.03 19.86 19.68 19.80 19.90 19.45 
19.83 20.25 20.10 20.00 20.24 20.02 19.78 
Tij values 
8 9 10 11 12 13 Ti values 
1 -0.27 -0.11 -0.33 -0.19 0.23 0.18 -0.08 
2 -0.76 •0.81 -0.93 -0.44 -0.14 -0.54 -0.60 
3 -0.45 -0.29 -0.46 -0.15 0.07 0.22 -0.18 
4 -0.11 -0.14 -0.50 0.18 0.35 0.20 0.00 
5 -0.06 -0.29 -0.65 0.02 0.32 -0.11 -0.13 
7 0.16 -0.05 -0.33 0.46 0.44 0.22 0.15 
Note: These figures are calculated using values from all four environments. 
LSD=0.352 [Is Tij different from zero?; significant (P=0.05) values in bold] 
LSD=0.144 [is Ti different from zero?; significant (P=0.05) values in bold] 
LSD=0.203 [Is one Ti different (P=0.05) from another?] 
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Table A21. Comparison of rankings according to per se, F1 midparent heterosis, 
and Ti values. 1 
1 
1 Maturity date days after August 31) 
Perse evaluation ranking F1 M P heterosis ranking Ti va ue ranking ranking 
4 19.47 a ns 1 -0.70 a * 1 -0.70 a * 
1 19.72 a ns 7 -0.24 a ns 7 -0.24 a ns 
3 19.72 a ns 3 1.50 b * 3 1.50 b * 
2 20.22 a ns 4 1.63 b * 4 1.63 b •k 
5 22.55 b •k 2 2.68 c * 2 2.68 c * 
7 23.55 b * 5 5.43 d * 5 5.43 d * 
Lodging from 1 (upright) to 5 ( )rostrate) 1 
1 
Per se evaluation ranking F1 M P heterosis ranking Ti value ranking ranking 
5 1.58 a * 5 -0.04 a ns 5 -0.37 a * 
7 2.23 b ns 7 -0.03 a ns 7 -0.11 ab ns 
1 2.10 be ns 4 0.04 ab ns 1 0.15 be ns 
3 2.62 cd ns 3 0.14 ab ns 4 0.28 e It 
4 2.74 de ns 1 0.15 ab ns 3 0.32 c ic 
2 3.11 e * 2 0.21 b •k 2 0.64 d * 
Plant height (cm.) 
Per se evaluation ranking F1 MP heterosis ranking Ti va ue ranking ranking 
1 86.93 a * 1 1.41 a ns 1 1 00
 
O
) a ns 
5 88.29 ab ns 7 2.46 a ns 7 5.53 b it 
2 92.38 abc ns 4 3.29 a 4r 5 8.95 be •k 
7 99.63 cd ns 3 9.09 b 4r 4 10.80 cd * 
3 104.81 de ns 5 11.54 b * 2 11.77 cd * 
4 108.49 e * 2 12.32 b * 3 14.75 d * 
Grain yield (kg/ha) 
Per se evaluation ranking F1 M P heterosis rank ng Ti value ranking ranking 
1 2460.74 a * 3 78.76 a ns 1 -87.34 a ns 
2 3057.27 b ns 2 100.95 a ns 2 160.91 b it 
3 3289.30 be ns 7 134.20 ab ns 3 254.73 be 4r 
7 3337.42 be ns 4 148.12 ab * 7 334.23 be * 
4 3422.66 be * 1 150.97 ab It 4 390.77 cd * 
5 3558.97 c * 5 299.78 b * 5 610.59 d * 
193 
Table A21. Comparison of rankings according to per se, F1 midparent heterosis, 
and Ti values. 
Harvest index (percentage) 
Perse evaluation ranking F1 M P heterosis rank ng Ti val ue ranking ranking 
1 44.18 a ns 1 -1.91 a * 1 -2.01 a it 
2 45.12 ab ns 3 1.24 b ns 2 1.68 b * 
5 47.75 abc ns 2 1.31 b * 3 3.07 be it 
3 48.06 be ns 7 1.78 b * 7 4.25 c it 
7 49.33 c ns 4 2.54 b * 4 5.09 c * 
4 49.50 c ns 5 6.68 c * 5 8.36 d * 
Hundred-seed weight (weight in grams of 100 seeds) 
Per se evaluation ranking F1 MP heterosis ranking Ti value ranking ranking 
1 15.54 a ns 1 -0.41 a * 1 -1.48 a • 
4 16.00 ab ns 4 -0.28 a ns 4 -1.12 ab it 
3 16.58 be ns 3 
o
 1 ab ns 3 -0.76 b ie 
2 20.00 d ns 5 0.25 be ns 5 1.66 c it 
5 20.50 d ns 2 0.55 cd 2 1.71 c * 
7 20.67 d ns 7 0.90 d * 7 2.40 d it 
Percentage seed protein content 
Per se evaluation ranking F1 MP heterosis ranking Ti value ranking ranking 
4 41.35 a ns 5 -0.32 a * 5 -0.45 a it 
7 41.77 ab ns 3 -0.22 ab it 7 -0.23 b ns 
5 41.80 ab ns 7 -0.09 ab ns 4 -0.20 b ns 
3 42.24 be ns 1 -0.08 ab ns 3 C
O
 o
 1 b ns 
1 42.52 c ns 2 -0.05 ab ns 1 0.16 c ns 
2 43.98 d * 4 0.16 b * 2 0.91 d * 
Percentage seed oil content 
Per se evaluation ranking F1 M P heterosis rank ng Ti va ue ranking ranking 
2 18.67 a 4r 4 -0.14 a * 2 -0.60 a * 
1 19.19 b * 3 -0.12 a ns 3 -0.18 b * 
5 19.79 c ns 5 -0.07 a ns 5 -0.13 b ns 
3 19.79 c ns 2 0.02 ab ns 1 -0.08 b ns 
7 19.83 c ns 7 0.19 be * 4 0.00 b ns 
4 20.19 d ns 1 0.28 c * 7 0.15 b * 
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Table A21. Comparison of rankings according to per se, F1 midparent heterosis, 
and Ti values. 
1 = PI 384.474; 2 = PI 416.941; 3 = Glenn; 4 = CX155; 5 = AG020: 7 = T295H 
Lower case letters indicate significant (P= 0.05) differences among lines within rankings. 
Within F1 midparent heterosis orTi ranking, ns = not significantly different from zero (P=0.05); 
* = significantly different from zero (P=0.05). 
Within F1 per se ranking, ns = not significantly different from at least one of the testers 
(P=0.05): * = significantly different from all testers (P=0.05). 1 
